Dissimilar metals joint evaluation by Wakefield, M. E. & Apodaca, L. E.
R e p o r t  N o ,  MCR-74-88 
N A S 9 - 1 3 5 7 0  
DRL T - 9 1 4 ,  I t e m  2 
DRD MA-37813 
DISSlCMIWR METALS JOINT EVALUATION 
FINAL REPORT 
APRIL, 1974 
MICHAEL E. WAKEFIELD 
LESLIE E. APODACA 
PREPARED BY 
PROPULSION ENGINEERING, RESEARCH & DEVELOPMENT 
MARTIN MARIETTA CORPORATION 
P.O. BOX 179, DENVER, COLORADO 80201 
https://ntrs.nasa.gov/search.jsp?R=19740014090 2020-03-23T09:17:36+00:00Z

ABSTRACT 
Dissimilar metals tubular joints between 2219-T851 aluminum alloy and 304L 
stainless steel were fabricated and tested to evaluate bonding processes. 
Joints were fabricated by four processes: inertia (friction) welding, 
where the metals are spun and forced together to create the weld; explosive 
welding, where the metals are impacted together at high velocity; co-extrusion, 
where the metals are extruded in contact at high temperature 
diffusion; and swaging, where residual stresses in the metals after a stretch- 
ing operation maintain forced contact in mutual shear areaso 
of each type were prepared and evaluated in a 6.35 cm (2.50 in.) 0,D. size, 
with 0,32 cm (0.13 in.) wall thickness, and 7.6 cm (3.0 in.) total length . 
to pr’omote 
Fifteen joints 
The joints were tested to evaluate their ability to withstand pressure 
cycle, thermal cycle, galvanic corrosion and burst tests. Leakage tests 
and other non-destructive test techniques were used to evaluate the behavior 
of the joints, and the microstructure of the bond areas was analyzed. 
Joints were successfully produced by each of the four processes. The general 
resistance of each type to the test series was good to excellent, although 
most of the coextruded joints were not available in time for submittal to 
the complete test programo 
The feasibility of manufacturing joints up to 43 cm (17 in.) diameter by 
these techniques is evaluated, and estimated costs are included. 
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iX 
DEFINITIONS 
The definition of frequently used words or abbreviations, as used in 
this report, follows: 
Joint A test specimen prepared under this program, con- 
sisting of a 6.35 cm (2.50 in.) diameter tubular sec- 
tion 7.6 em (3.0 in.) long, with one end of 2219- 
T851 aluminum and the other of 304L stainless steel. 
Dissimilar Metals Metals which exhibit significant difference in physical 
and/or metallurgical properties. 
2219 aluminum is considered dissimilar to 304L stain- 
less steel. 
For this report, 
NDT Non-destructive test 
mu) Mass Spectrometer Leak Detector 
O.D. 
I.D. 
Outside Diameter 
Inside Diameter 
X 
SUMMARY 
Dissimilar metals tubular joints between 2219-T851 aluminum alloy and 304L 
stainless steel were fabricated and tested to evaluate bonding processes. 
Joints were fabricated by four processes: inertia (friction) welding, 
where the materials were spun and forced together to create the weld; ex- 
plosive welding, where the materials were impacted together at high velocity; 
coextrusion, where the materials were extruded in contact at high tempera- 
ture to promote diffusion; and, swaging, where residual stresses after a 
stretching operation maintained forced contact in mutual shear areas, 
teen joints of each type were fabricated in a common configuration, and were 
subjected to a series of environmental and structural tests. 
6.35 cm (2.50 in,) in diameter with a 0.32 cm (0.13 in.) wall thickness, 
and were approximately 7.6 cm (3.0 in.) long. A thicker welding boss was 
provided at the aluminum end of each joint to allow for strength degradation 
during welding, 
yield strength of the stainless steel portion of the joint in hoop stress 
was 2590 N/cm2 (3750 psig). 
joints based on the ultimate strength of the aluminum portion of the joint 
in hoop stress was 4200 N/cm2 (6100 psig). 
The joints were subjected to a series of tests. 
the yield pressure and burst pressure of each joint type was made by monitor- 
ing the volume growth vs internal pressure during a hydrostatic burst test. 
This allowed the proof and operating pressure level of each joint type to 
be established so that subsequent test levels could be determined. 
responded similarly, so a common proof pressure of 2200 N/cm2 (3200 psig) 
was 5stablished. 
N/cm 
(+Zl$?F) was performed, foLlowed by burst tests. Pressure cycling from 430 
N/cm 
life. 
electrolyte solution, followed by burst tests. Other burst tests were per- 
formed on joints not exposed to adverse environments, and an evaluation of 
adaptability of the joints to NDT was made by subjecting them to NDT before 
and after the other environments, 
Fif- 
The joints were 
The theoretical yield pressure of the joints based on the 
The theoretical ultimate pressure of the 
First, a determination of 
All joints 
This allowed an operating and leak test pressure of 1450 
(2100 psig) to be used. 
(620 psig) to 2140 N/cm2 (3100 psig) was performed to determine fatigue 
Galvanic corrosion resistance was evaluated by exposure to a NaCl/H20 
Thermal cycling from 78K (-320OF) to 375K 
An evaluation of the feasibility and costs of adapting the various joint 
types to 20 cm (8  in.), 30 cm (12 in.) and 43 cm (17 in,) diameters was 
made. The manufacturing techniques are described, and special tooling re- 
quirements are identified. An evaluation of the suitability of each joint 
type for use in the larger sizes is presented, based on manufacturing, 
test, and service criteria. 
1-1 
RESULTS 
The purpose of this program was to develop the production technique'for 
6 . 3 5  cm (2.50 in.) diameter bimetallic transition joints from 2219-T851 
aluminum to 304L stainless steel by four methods, and to compare their 
relative performance through a series of tests. Also, an evaluation was 
made of the costs and constraints of applying the production methods to 
larger joints up to 4 3  cm (17 in.) diameter. 
A total of twenty-one joints were fabricated by inertia welding (friction 
welding) using a Caterpillar Tractor Go. welder. The joints were manufactured 
by Interface Welding Company of Carson, California. Attempts were made to 
weld the 2219 directly to the 304L by exploring all adjustable machine para- 
meters, by using different configurations, and by using both T851 and T351 
tempers. This resulted in developing a poor quality bond, so it was elected 
to provide an intermediate layer of 6061-T6 aluminum, which is more readily 
weldable to each of the other materials. The production process which e- 
volved welded the 6061-T6 to 2219-T851, then welded the refaced 6 0 6 1  to 304L.  
The completed joint was artifically aged to recover 6061-T6 aluminum properties 
in the thin intermediate layer. 
A total of eighteen joints were fabricated by explosive welding. 
were manufactured by Martin Marietta Corporation, Denver Division. The 
configuration chosen featured a scarf angle at the interface in order to 
provide more bond area to dissipate stresses. The joints used an inter- 
mediate layer of sterling silver bonded to the T851 condition aluminum, 
with the 304L stainless steel then bonded to the silver. 
stress relieving operations were performed during assembly of these joints. 
They 
No ageing or 
Fifteen joints were fabricated by coextrusion bonding. 
joint, the 2219 aluminum was placed in intimate contact with the 304L stain- 
less steel within an extrusion billet. After heating, the billet was extruded 
to promote the diffusion between the aluminum and stainless steel. 
preliminary machining, the joint was solutionized and quenched, subjected to 
1 to 3% cold deformation, and artificially aged to bring the aluminum to 
T851 condition. 
To fabricate a 
After 
Fifteen joints were prepared by swaged construction. They were manufactured 
by Metal Bellows Corporation of Chatsworth, California. The joint was formed 
by mechanically swaging a cylindrical section of 304L stainless steel within 
a serrated 2219 aluminum collar. The sharp edges of the serrations were 
held in intimate contact with the opposing piece due to the high residual 
stresses following swaging (tensile in the aluminum and compressive in the 
stainless). 
Tests were performed to compare the structural integrity and leakage resis- 
tance of the four joint types. Tests consisted of proof, leakage, NDT, 
thermal cycle, pressure cycle, galvanic corrosion,burst, and metallographic 
inspection. 
2-1 
The o v e r a l l  r e s u l t s  of the  test program w e r e  exce l len t .  Each j o i n t  type 
( in  a t  least one phase of t e s t i n g )  exhibited an advantage over t h e  o ther  
j o i n t  types,  when all test  r e s u l t s  were compared. Thus, one f ab r i ca t ion  
technique could prove t o  be more s u i t a b l e  than the  o the r s  fo r  a given 
appl ica t ion .  The d e t a i l e d  test  r e s u l t s  are shown i n  Tables 6 t h r u  12. 
A b r i e f  summary of these r e s u l t s  follows: 
mechanical s t rength .  
f o r  t he  swaged construct ion and some of the  explosive welded j o i n t s .  
j o i n t  types exhibi ted a y i e ld  pressure of from 2100 N/cm2 (3000 psig)  t o  
2800 N/cm2 (4000 psig) and a burs t  pressure of approximately 5000 N/cm2 
(8000 ps ig) .  
out apparent degradation and exhibi ted reasonable l i f e  when subjected t o  
pressure cycling. The i n e r t i a  welded j o i n t s  showed the  b e s t  res i s tance  
t o  pressure cycling (at  a stress l e v e l  equivalent t o  t h a t  produced by 
proof pressure) ,  surviving t o  about 170,000 cyc les ,  and f a i l e d  i n  the 
parent aluminum material. The galvanic corrosion tes t ,  while harsh (items 
unprotected while immersed i n  a NaCl/H20 bath) ,  indicated t h a t  t he  swaged 
construct ion and explosive welded j o i n t s  exhibited a reasonable res i s tance  
t o  galvanic corrosion. Of a l l  j o i n t  types,  t h e  i n e r t i a  welded j o i n t s  were 
more severely attacked. 
A l l  j o i n t  types exhibited good 
A l l  
A l l  j o i n t  types were e s s e n t i a l l y  leak-free except 
A l l  j o i n t  types withstood exposure t o  thermal cycling with- 
Unfortunately, manufacturing problems forced de l ive ry  of most of the  co- 
extruded j o i n t s  too l a t e  f o r  complete evaluation under t h i s  t e s t  program. 
2-2 
CONCLUSIONS 
The following determinations were made with respect to the 6.4 cm (2.5 in.) 
O.D. joints produced by inertia welding: 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
A weld between 2219-T851 and 304L could not be made without an inter- 
mediate material. 
A layer of 6061-T6 is a suitable intermediate material between 2219- 
T851 and 304L. 
The process was found to be consistent and reliable, as critical para- 
meters are controlled by machinery rather than by personnel. 
The joints exhibited excellent fatigue strength when compared to the 
parent 2219 aluminum. 
The joints exhibited poor galvanic corrosion resistance compared to 
the explosive welded and swaged construction joints, when submerged in 
a NaCl/H2O electrolyte. 
The joints exhibited excellent thermal cycle resistance when cycled 
between 78K (-3209) and 375K (4-2150F). 
The joints exhibited excellent leakage resistance. 
The joints failed axially at the 304L/6061 bond interface when hydro- 
burst, with little apparent ductillity. 
The 2219/6061 and 6061/304L bonds were found to have metallurgical 
diffusion. 
The following determinations were made with respect to the 6.4 cm (2.5 in.) 
O,D, joints produced by explosive welding: 
1. 
2. 
3. 
4. 
5 .  
6 .  
7. 
The process is more subject to inconsistency when compared with inertia 
welding or swaged construction, as several critical parameters are 
controlled by workmanship of personnel. 
A tubular weld between 2219-T851 and 304L can be successfully made on 
a scarf angle, using a sterling silver intermediate layer. 
The joints exhibited about 20% of the fatigue strength of the parent 
2 2 19 aluminum 
The joints exhibited galvanic corrosion resistance between inertia 
welded and swaged construction joints when submerged in a NaC1/H20 
electrolyte. 
The joints exhibited good thermal cycle resistance when cycled between 
78K (-320'F) and 375K (3-215'F). 
The joints exhibited good leakage resistance when once verified leak 
free after manufacture, 
The joints failed in an axial shear mode partly in the 304L/Ag bond, and 
partly in the aluminum parent metal when hydroburst. 
3-1 
8. The 304L/Ag and Ag/2219 bonds were found t o  have metal lurgical  d i f fus ion .  
The following determinations were made with r e spec t  t o  the  6,4 c m  (2.5 in.) 
0,D. j o i n t s  produced by swaged construction: 
1. 
2. 
3 .  
4 .  
5. 
6 .  
A tubular  j o i n t  may be made between 2219-T851 and 304L, but  add i t iona l  
development i s  necessary. 
The j o i n t s  exhibi ted about 40% of t he  f a t i g u e  s t r eng th  of t he  parent 
2219 aluminum,, 
The j o i n t s  exhibi ted b e t t e r  galvanic corrosion r e s i s t ance  than i n e r t i a  
welded o r  explosive welded j o i n t s  when submerged i n  a NaCl/H20 e l ec t ro -  
l y t e .  This r e s i s t a n c e  is  due t o  anodization of the  aluminum portion 
p r i o r  t o  assembly, which i s  not f e a s i b l e  on t h e  o ther  j o i n t  types. 
The j o i n t s  exhib i ted  exce l len t  thermal cycle  r e s i s t ance  when cycled 
between 78K (-320OF) and 375K (+215OF). 
Most of t he  j o i n t s  were no t  leak f r ee .  It i s  f e l t  t h a t  the  leakage 
could be remedied th ru  development, 
The j o i n t s  f a i l e d  i n  an ax ia l  shear mode i n  the  s t a i n l e s s  por t ion ,  o r  
by the  j o i n t  pu l l i ng  s l i g h t l y  a p a r t ,  but always i n  a leak-before- 
b u r s t  mode. 
The following determinations were made with r e spec t  t o  t he  6.4 cm (2.5 in . )  
O.D. j o i n t s  produced by coextrusion: 
1. A j o i n t  between 2219-T851 and 304L, although poss ib le ,  presents 
s e r ious  problems during f ab r i ca t ion ,  p a r t i c u l a r l y  during the  heat  
treatment por t ion  of the process. 
2 .  The j o i n t  t e s t e d  exhibi ted exce l l en t  thermal cycle r e s i s t ance  when 
cycled between 78K (-320OF) and 375K (f215"F). 
3. The j o i n t s  t e s t e d  exhibited exce l l en t  leakage r e s i s t ance .  
The following determinations w e r e  made with r e spec t  t o  producing l a rge r  s i z e  
20,3 c m  (8.0 in . ) ,  30,5 cm (12.0 in . ) ,  and 43.2 c m  (17.0 i n . ) ,  O.D, j o i n t s :  
1. The least  expensive j o i n t  t o  manufacture i n  l a r g e r  s i z e s  (once too l ing  
has been purchased) is the  swaged construction. 
p r a c t i c a l  t o  manufacture i n  l a r g e r  s izes .  The coextruded j o i n t  i s  not 
a good candidate f o r  l a rge r  s i z e s  i n  2219 aluminum a l l o y  i f  it must be 
hea t  t r ea t ed .  
2. I n e r t i a  welded, explosive welded, and swaged construction j o i n t s  appear 
3. The construct ion method which is  p o t e n t i a l l y  l i g h t e s t  weight i s  i n e r t i a  
welding, due to i t s  b u t t  j o i n t  configuration. 
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RECOMMENDATIONS 
1 . 
2. 
3 .  
4 .  
5 .  
6 .  
7 .  
8 .  
Define corrosion protection devices for dissimilar metals joints used in 
applications which afford no inherent protection (as a vacuum jacket might 
provide), and establish long term corrosive environment demonstrations 
to evaluate those devices, 
Perform structural load testing of each joint type, including vibration, 
shock, bending and torsion. 
Complete the test program on the coextruded joints which were delivered 
after the test program described in this report was completed. 
Reevaluate the material and heat treatment requirements in using dissimilar 
metals joints for specific applications within vehicles such as Shuttle 
and Tug. 
Fabricate additional coextruded joints in the 6 . 4  cm (2.5 in,) size to 
a reduced heat treatment criterion, and subject them to a test program. 
Perform additional development on the swaged construction 6 . 4  cm 
( 2 . 5  in.) O.D. size to demonstrate leak elimination. 
Fabricate and test inertia welded joints in 20.3 cm (8.0 in.) O.D. to 
demonstrate scaleability prior to committing to larger sizes. 
Fabricate and test explosive welded joints in 20.3 cm (8.0 in.) O.D, 
to demonstrate scaleability prior to committing to larger sizes, 
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INTRODUCTION 
The need to connect tubing systems constructed of dissimilar materials for 
complex propulsion systems exists if we are to realize the advantages of 
using an optimum material for a specific application. 
trated by the situation of the flexible stainless steel bellows required 
between an aluminum propellant tank and feedline. The lightweight aluminum 
is an optimum choice for the tanks and feedline; however, it is not practi- 
cal to specify aluminum to withstand the cyclic functions required of the 
bellows. In this case, stainless steel is the optimum bellows material. 
This combination of materials necessitates that a dissimilar metals joint 
be provided. This joint must be leak tight and structurally sound when 
subjected to extremes of mechanical and environmental conditions. Until 
recently, flanged mechanical joints were used to connect dissimilar metals 
such as these. These flanges, although adequate, are bulky, heavy and 
tend to leak, 
This may be illus- 
With the present advances in solid-state welding, it is ROW possible to 
gain the advantages of optimum materials applications by directly bonding 
dissimilar metals. This practice is now operational in small tubing joints 
and shows promise of being feasible for large tubing joints such as those 
required for the Space Shuttle and Space Tug vehicles. These solid-state 
joints provide the benefits of being lightweight, leak free and are adaptable 
to joining a large variety of metals combinations. 
It is, therefore, appropriate to pursue the development of the dissimilar 
metals tubular joint to the extent necessary to assure large diameter quali- 
fiable hardware. The specific problem of transitions from aluminum to 300 
series stainless steel is particularly necessary to solve, as these are 
primary materials currently used in aerospace applications, yet they are 
dissimilar in nearly all physical characteristics. 
Weight Optimization 
Bimetallic transitions become very desirable when weight is a major criterion 
as illustrated in Table 1, This table compares the weight of a typical 
bimetallic joint to the low-profile flange developed by Lockheed/NASA/MSFC. 
Considering the number of joints throughout a system such as that required 
for  Space Tug, where weight is so critical, use of dissimilar metals joints 
to significantly reduce weight becomes imperative. 
Joining Techniques 
Dissimilar metals have been joined in a variety of ways (including solder- 
ing, brazing, and "welding") using a number of techniques to create a dif- 
fusion bond. The development of reliable welded or bonded joints promises 
to reduce the use of mechanical joints, since the welded bond, when properly 
controlled, is inherently superior in strength, leakage, and weight charac- 
teristics. 
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TABLE 1. - COMPARATIVE WEIGHTS OF SELECTED JOINTS 
0.33 c m  (0.13 in.) 
Note: The weight comparison i s  made using the same length bimetal jo in t  
t h a t  i s  required i n  the  NASA low p r o f i l e  c l a s s  A flange developed by 
Lockheed/NASA/MSFC. A b u t t -  j o i n t  is assumed on the  bimetal  j o i n t s  with 
the  i n t e r f a c e  a t  the  center  of the j o i n t  length. The weight comparfson 
assumes s t a i n l e s s  steel  is t o  be connected t o  aluminum. A Naflex 
cryogenic sea l  and A-286 steel  b o l t s  a r e  assumed i n  the  flange weight. 
* Demonstrated thickness i n  6 . 4  c m  (2.50 in . )  O.D. s i ze .  
NASA Low P r o f i l e  
F l a  nge 
1 -  
1 
: 
Bimetal J o i n t  
D 
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Welding dissimilar metals by forming a diffusion bond between them appears 
to be the most desirable process; however, much of the effort in this field 
has been directed toward joining stainless steel to T-6 condition aluminum, 
usually 6061. All of the techniques described in this report, coextrusion, 
inertia welding, explosive welding, and swaged construction, have been suc- 
cessfully applied to these materials, 
2219 in the T851 condition the application of each of these techniques re- 
quires reevaluation and refinement. 
When the aluminum to be bondedis 
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SPECIMEN DESIGN 
The criteria for joint design were established to assure maximum yield of 
subsequent test data. First, the joint configuration must force evaluation 
of the bonded area with minimum influence from end fittings used for test 
purposes. Second, the design must be adaptable to the test fixturing in- 
cluding multiple specimen test setups. Third, the design must incorporate 
the parameters required by the selected vendor for his fabrication techniques. 
Fourth, each joint style must be designed so that a credible comparison 
may be made between styles during the test evaluation, Fifth, each joint 
must be designed to exhibit essentially parent metal strength in the bond 
area. Finally, the joint design must accommodate the requirement for 
approachin 
(1.0 x 10-8 torr) as well as under internal operating pressure conditions. 
The basic design chosen is shown in Figure 1, and was used for the inertia 
welded, explosive welded and coextrusion bonded joints. A cross-section 
of the bond plane shows the bond configuration peculiar to each process. 
a leak-tight condition under high external vacuum conditions 
The design used for the swaged joints is shown in Figure 2, and varies some- 
what from the others to allow use of existing tooling and to incorporate 
the swaged joining technique. 
The manner in which each construction process was used to manufacture a 
joint meeting the design requirements is discussed in each fabrication 
section. 
7.62 cm I 
Welded 
Coextrusion 
Bonded 
- 
304~ Stainless Steel 
(2.50 in-) (0,125 in.) 
Figure 1.- Joint Configuration - Inertia Welded, 
Explosive Welded, Coextrusion Bonded 
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5 cm -I 
0.318 c m  1 ~ A 0 . 1 2 5  in . )  304L Sta in l e s s  Steel 
2219-T851 A1 
Backup Ring 
uminum 
2219-T851 Aluminum rj I 
Ferrule 
8.89 cm 9 1 (3.50 in . )  
5 (-"' in.)-1 '< 0.64 c m  
(0.35 in.)  
Figure 2,- Jo in t  Configuration - Swaged Construction 
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COEXTRUSION BONDED JOINT FABRICATIOPil 
The process of coextrusion bonding has been used to provide bimetallic 
tubular connections for various aerospace applications. Recently, the use 
of stainless steel/titanium and stainless steel/aluminum joints on the 
Apollo Service Module, the Lunar Lander and Viking vehicles have met with 
significant success. 
Coextrusion bonding involves the tandem extrusion of the candidate materials 
through a die to force relative motion between the two materials to the 
extent of breaking down the surface to expose nascent material. 
done under controlled cleanliness and elevated temperature conditions, a 
diffusion bond is created between the two materials. An extrusion billet 
is assembled as shown schematically in Figure 3 .  
When this is 
Steel Jacket 
Stainless Steel 1 “;L_ Aluminum 
Figure 3.- Coextrusion Process 
Footnote: Portions of this discussion are extracted from documentation 
produced by Nuclear Metals Corporation. 
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The materials to be bonded are cleaned, fitted together, and encased in a 
jacket, usually of steel, which has a port for evacuation of air to pre- 
vent oxidation or reduction of bonding surfaces when the billet is heated. 
After careful assembly the billet is evacuated and heated to a controlled 
temperature below the fusion point of the aluminum. 
through the die and allowed t o  cool. 
the jacket and a preliminary machining operation performed to shape the 
joint near its final intended configuration. At this point, a solution 
heat treatment, quench and artificial ageing are required. In order to 
approach the T-851 condition, cold work of 1% to 3% is performed following 
the solutionizing and quenching operation, with artifical ageing following. 
The final machining operations are then performed, 
The billet is extruded 
The bonded materials are removed from 
Initially, five billets were assembled and subjected to the extrusion process. 
The temperature during extrusion was approximately 750K (900°F), and other 
extrusion parameters were varied to provide a range of results. The extruded 
billets were radiographed to establish the geometric center for subsequent 
machining, and also to establish if the proper flow of material had occurred 
during extrusion. This preliminary examination indicated that billets 4 
and 5 were the best representatives of the proper conditions. In order to 
machine the aluminum portion more easily, it was elected to perform the 
heat treatment prior to machining the joint O.D.'so The joints were solu- 
tionized in an air furnace at 810K (9950F) for one hour after oven temp- 
erature recovery, then quenched in a water bath. Hardness tests indicated 
that the aluminum components were at an approximate hardness of Bhn 75, 
This is somewhat less than the  Bhn 95 hardness expected of "typical" 2219 
i n  t h i s  condition, so the heat treatment was repeated, With some changes. 
This time in addition to the oven thermocouple, a thermocouple was securely 
attached 
lowed to proceed for two hours. 
seconds after removal from the oven produced a hardness of appronimately 
Bhn 8 3 ,  which was a significant improvement, The billets were subjected 
to 1 to 3% permanent deformation using a rotating split collar which opened 
and closed rapidly to cold work the metal. 
to an aluminum portion of a joint, and the solutionizing was al- 
A water quench within slightly over three 
They were then artificially aged at 465K (375OF) for 18 hours at temperature. 
A mercury thermometer penetrating one of the billets was the temperature 
reference. Hardness readings of these billets indicated a hardness of 110 
to 112 Bhn, which was more indicative of T-6 material rather than T-8, The 
billets were machined to a diameter 0.127 em (0,050 in.) larger than the 
final requirement, and a dye penetrant test performed, A l l  of the billets 
showed penetrant indications at the bond interface, with billets 4 and 5 
showing the least. After machining billets 4 and 5 to the final O.D., the 
dye penetrant indications remained, so the billets were sectioned for met- 
allurgical inspection, It was evident from this inspection that an exces- 
sively thick diffusion layer existed at the interface, and that this layer 
was broken and granular, as if shattered. The excessive diffusion was 
evidently promoted by cumulative time and temperature during the extrusion 
and two solutionizing processes. 
been a result of one of the solutionizing treatments, quenching, or cold work. 
The shattering of the layer could have 
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To determine at what point in the process the joint failed, two more billets 
were extruded at the apparent "best" conditions. One of these billets was 
cut apart, in the as-extruded condition. Metallurgical examination indicated 
a diffusion layer thickness of about 10 microns, which was felt to be op- 
timum in light of previous extrusion bonding performed at this facility. 
The other billet was then subjected to solutionizing at 805K (985OF) for one 
hour followed by a water quench. 
of this billet fell apart, Examination of the portion which remained intact 
again showed an excessive diffusion layer. 
When sectioned for examination, portions 
In order to accomplish the heat treatment without damaging the bond, it 
was felt that the time and temperature during solutionizing 
duced by whatever means possible but within the parameters that still provide 
high joint strength. One of the ways of doing this is to reduce the sectional 
area of the part to be solutionized to minimize the time required for it to 
achieve proper temperature. This was done on all remaining program extru- 
sions by performing rough machining inside and out prior to heat treatment. 
Another techniqw which assists the heating rate is use of a heated salt 
bath for solutionizing. 
better than that from the air furnace. To establish the minimum solution- 
izing time and temperature necessary to achieve the temper required, 
aluminum test rings were subjected to variations of the heat treatment 
process. First, solutionizing was accomplished at a lower temperature 
using both heating techniques, the air furnace and the heated salt bath. 
Three conditions were investigated. 
must be re- 
The heat transfer from the bath is significantly 
1. 780K (940'F) for 40 minutes in air furnace 
2. 780K (940OF) for 20 minutes in salt bath 
3. 750K (9000F) for 40 minutes in air furnace 
All of the aluminum rings were quenched in a water bath within five seconds 
of removal from the heating medium. They were then artificially aged at 
465K (375OF) for 24 hours. The hardness measurements after ageing were: 
1. 780K (940'F) in air - 89 Bhn 
2. 780K (94OOF) in salt - 107 Bhn 
3. 750K (90O0F) in air - 85 Bhn 
This indicated that solutionizing in salt at reduced temperature and time 
(780K (94OoF ) ) can achieve properties nearly as good as those achieved 
previously with extended air furnace conditioning at 805K (985OF). 
Two more extrusions were made, solutionized at 780K (940'F) in salt, and 
water quenched. One of these was subjected to the cold working pro- 
cess, and both were artificially aged. Hardness readings indicated a hard- 
ness about 107 Bhn on both extrusions, with perhaps the cold worked unit 
showing more consistent and slightly higher hardness than the other. These 
extrusions were machined to the final configuration and inspected using dye 
penetrant. Unfortunately, penetrant indications were observed on the outside 
of the bond area. Both joints showed some penetrant indications from small 
spots up to 2.5  cm (1.0 in.) in length along the bond line. The joint which 
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had been cold worked appeared to have less penetrant indication than the 
joint which was not. 
non-cold worked joint failed in the bond during sectioning. Superficial 
inspection of the bond area showed that the 0,D. side of the bond should 
have apparently been better than the I .D. side, even though no penetrant 
indication was observed on the I . D .  The cold worked joint was sectioned 
at an area of previous dye penetrant indication and at an area of no 
penetrant indication. The bond withstood all sectioning and trimming cuts. 
Micrographic examination of both areas was made. The area of dye penetrant 
indication showed no real evidence of a bond, only folded-over aluminum. 
The other area did show good bonding without excessive diffusion, but it 
also showed areas of separation within the aluminum structure near the 
bond line similar to what might be expected if a burst test failed a joint 
at the bond, leaving a thin layer of aluminum still bonded to the stain- 
less 
Both joints were cut apart for inspection. The 
These evaluations, while discouraging, led to renewed experimentation in 
the heat treatment cycle. One innovation which was tried was t o  quench a 
billet directly from the extrusion press. This eliminated the necessity 
to reheat the billet for solutionizing which would then keep the diffusion 
layer thickness optimum. The results were not encouraging. Another in- 
novation tried was to encase the joint, particularly the aluminum, in a 
close fitting steel col la r  during solutionizing and quenching. The purpose 
of the collar was to provide hoop restraint on the aluminum during the solution- 
izing, preventing the aluminum from growing away from the stainless portion 
which is on the inside of the scarf angle. When the joint is quenched, 
hoop reduction of the aluminum is then absorbed by compressive loading at 
the bond which is more tolerable. 
Some of the fifteen joints for the test program were produced using the 
steel collar. Others were successfully made by careful control over the 
heat treatment parameters, and by selectively eliminating completed joints 
which would not pass a one-atmosphere leakage test and a dye penetrant in- 
spec t ion. 
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INERTIA W E L D E D  J O I N T  FABRICATION 
Inertia welding (or friction welding) has been pursued for a number of 
years in the USSR, but until the introduction of a series of inertia 
welding machines by Caterpillar Company, widespread acceptance and interest 
had not occurred in this country, 
The inertia welder resembles a lathe. 
holding device and the other workpiece is held in a spindle chuck, to which 
one or several stacked flywheels are attached. The chuck-held workpiece 
is spun to a predetermined speed, the driving power is disengaged, and the 
rotating part is thrust against the stationary part. 
One workpiece is held in a stationary 
Deceleration of the rotating part converts stored kinetic energy into fric- 
tional heat to soften, without melting, the contacting faces of the parts, 
Then, immediately prior to rotation ceasing, the parts become bonded. The 
remaining energy and relative motion hot work the metal in the weld zone, 
creating a spiral grain flow. 
structure is refined without creating voids. 
Impurities are expelled, and the grain 
Exceptionally consistent welds are obtainable because the factors that 
determine quality, such as flywheel mass, speed, and thrust force, are 
easily controlled. Furthermore, since the relatively small volume of 
metal that is heated in the weld zone is quenched by a heat sink of the 
cold adjacent metal, and since plastic metal is forged outwardly before 
melting can take place, each weld is a strong solid-state bond. 
The joints fabricated by inertia welding were provided by Interface Welding 
of Carson, California. A Caterpillar Tractor Company, Model 100 Inertia 
Welder was used for the development and final production work, A history 
of the development effort is presented below through delivery of preliminary 
test specimens, followed by a description of the process used during pro- 
duction of the fifteen test joints. 
Inertia Welding DeveloDment 
Welding 2219 Aluminum to 304L Stainless Steel 
In order to explore the variations in welding parameters and part geometry 
in welding 2219 aluminum to 304L stainless steel, parts were prepared with 
geometry as shown in Figure 4 .  
Footnote: Portions of t h i s  discussion are extracted from documentation 
produced by Production Technology, Inc., a Caterpillar subsidiary. 
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Aluminum Upset Steel 
Figure 4.- Inertia Welded Parts Arrangement 
Welds were attempted while varying many parameters. 
wheel mass and RPM were varied to provide a wide energy range. 
(20,000 psi) at the bonding sur€ace. 
and stainless was varied from nearly the same t o  having the aluminum about 
twice as wide as the stainless. These conditions produced upsets from 
approximately 0.165 cm (0,065 in.) through 0,508 cm (0.200 in.). 
were attempted using both 2219-T851 and T351 aluminum, and the mating face 
geometry and finish were varied. 
The rotating fly- 
The ram 
pressure was varied from low pressure up to approximately 14,000 N/cm 2 
The contact area between the aluminum 
Welds 
An extreme number of experiments would be necessary to completely satisfy 
a matrix which varies each of these parameters independently. Instead, 
from a nominal starting configuration and welding parameters, successive 
parts were made while changing each variable in the direction which re- 
sulted in a better indication of bonding. At best, poor indications of 
bonding were produced; that is, parts would stay together during removal 
from the machine, but would readily fail when struck with a lead hammer. 
Some of the parts did not bond at all, and some failed on the machine 
while cooling, The best bonding indications, while poor, occurred in the 
low energy and low upset portion of the regime, which is very much un- 
like the conditions necessary for 6061-T6 to 304L bonding. Use of the 
T351 material resulted in no apparent advantage over T851. 
Welding 2219 Aluminum to 6061 Aluminum 
At this point, it was elected to introduce a 606f-T6 intermediate material 
layer. 
to successfully bond 6061-T6 to 304L had already been demonstrated, and the 
weld from 2219 to 6061, while new, was felt to be a good candidate for 
inertia welding. In order t o  develop this aluminum to aluminum bond, 
parts were prepared with geometry shown in Figure 5. 
This material was chosen because the ability of inertia welding 
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O.D. 6.43cm 
0,D. 6.99cm 
(2,53 in.) 
22 19-T85 1 
- (&- - 
1,90cm 
(0.75 in,) 
(PS i 1 (39,200) (44,900) (38,500) (45,000) 
Elongation 
Percent 2 .o 7.0 3.0 9 .o 
c I 
0,41cm 
(0.16 in. 
6061-T6 2 d 
Figure 5.- Inertia Welding 2219 to 6061 Aluminum During Development 
The materials appeared to weld readily at nominal machine settings for 
aluminum welding. 
made and subjected t o  tensile testing. 
from each joint, and one from each joint was subjected to an ageing process 
at 440K (340°F) for 10 hours. 
presented in Table 2. 
Two tubular joints between 2219-T851 and 6061-T6 were 
Two sections were cut longitudinally 
Tensile tests were performed and data is 
TABLE 2.- TENSILE DATA, INERTIA WELDED 2219 to 6061 ALUMINUM 
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Figure 5 indicates the fracture area of one 05 each specimen type, showing 
the obvious difference in elongation i s  well. as the relation of the bond 
line to the fracture, 
Figure 6. - Inertia Welded Tensile Specimens,2219 to 6061 
Vickers micra-hardness readings were also taken of the materials in the 
as-welded and aged condition, and indicated an improvement of approximately 
15% in the vicinity of the bond line in the aged versus as-welded specimens. 
Preliminary Joints 
Using the parameters developed for welding 2219 to fiO6Z, cylindrical parts 
as shown in Figure 7 were welded. 
Figure 7.- Inertia WeldLng 2219 to 5061 Atvrminum for Preliminary Joints 
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The 6061 portion of this joint was then machined as shown in Figure 8. 
Preliminary 
Joint Number 
1 
2 
3 
4 
5 
6 
cm 
in. ) 
Upset 
(Ref. Figure 4) 
cm (in.) 
0.208 (0.082) 
0.566 (0.223) 
0.551 (0.217) 
0.343 (0.135) 
0.358 (0.141) 
0.460 (0.181) 
Figure 8.- Refacing of 6061 After Inertia Welding 
6061 Axial Thickness After Welding 
cm (in.) 
This sandwich was then welded to the 304L stainless portion. The energy 
requirement f o r  this weld was approximately 130% of that required to weld 
an aluminum piece of the same geometry to another aluminum piece. 
amount of ram pressure (and therefore upset) was varied f o r  the 6061/304L 
weld in producing six trial joints. 
indicated some problems in concentricity of the components to be welded and 
resulted in only three of the six being machined to final configuration. 
Following machining, these joints were subjected to an ageing process at 
440K (3409) for 10 hours, in order to regain hardness in the aluminum 
transition area. 
The 
The welding of these preliminary joints 
A caustic etch was applied to the interface on those joints where the inter- 
face was machined, in order to make the transition area between the two 
aluminum alloys apparent. Table 3 presents information on the preliminary 
joints 
TABLE 3.- PRELIMINARY INE E 
N/A 
N/A 
0.096 (0.038) 
0.064 (0.025) 
0.279 (0.110) 
N /A 
0.368 (0.145) 
0.030 (0.012) 
0.038 (0.015) 
0.191 (0.075) 
0.216 (0.085) 
N/A 
0.h Machined 
Machined 
Machined 
O.D. Machined 
Machined 
As Welded 
i I 1 
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A l l  of these joints were subjected to a one-atmosphere helium leakage test 
in the manner described in Appendix D, There was no indication of helium 
leakage in any of them, when a Consolidated Electrodynamics Corporation 
Leakage Detector having a sensitivity of 3.0 x 
utilized for test. 
were examined with Uresco P-151 fluorescent dye penetrant. Some indications 
were seen on the inside surface in the 6061 area neai the 304L. Since the 
2219/6061 welded portion had been machined with the 6061 in approximately 
a relatively soft T-4 condition, this machined surface was rough and was 
the probable cause of the penetrant indication. 
scc/sec or better was 
All of the joints which had been completely machined 
Two of the machined joints were subjected to Yield Determination and Burst 
Test in the manner described in Appendix D. 
obtained included a yield pressure of 1720 N/cm2 (2500 psig) and burst 
pressure of 2600 
pressure of 1580 N/cm2 (2300 psig) and burst pressure of 4000 N/cm 
psig) for preliminary joint 5. 
each end when the welding of the aluminum end closure was still in the develop- 
ment stage (see Welding Evaluation), Joint 2 failed in the aluminum end 
closure weld, so the burst data obtained is misleading, Attempts to reweld 
this joint succeeded only in annealing the aluminum in the end closure to 
the point of gross yield when pressure was applied, Evaluation of the two 
yield curves indicated no obvious advantage in the performance of either 
joint. Joint 2 did indicate a slightly higher yield pressure, however, and 
showed less compliance above the yield pressure which was felt desirable. 
Also ,  considering the effect on the stress field of the weaker 6061-T6 in- 
termediate material between the 2219-T851 and 304L materials, it is believed 
the 6061 should be as thin as practical if its use must not degrade the 
bond strength. For this reason, it was elected to fabricate the remaining 
joints using the same upset parameters which produced preliminary joints 
2 and 3 .  
The results that were 
Feld 
N/cm2 (3800 psig) for preliminary joint 2 and a 
(5800 
Both of these joints had closures welded at 
Inertia Welding Production 
Fifteen additional joints were fabricated by the sequence shown. 
1. A cylindrical weld was made between 6061-T6 and 2219-T851 material. 
Figure 9.- Inertia Welding 2219 to 6061 Aluminum for Production 
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2 .  
3 .  The f i n a l  weld t o  the s t a i n l e s s  steel  w a s  made as shown i n  Figure 10. 
Excess weld f l a s h  and 6061 aluminum were machined as  shown i n  Figure 8. 
2219 - T 8 5 2  \304, 
I 
(2- 
Bef o rewe ld  A f  t e rWeld  
Figure 10,- I n e r t i a  Welding 304L S ta in l e s s  t o  2219/6061 Aluminum 
For Production Jo in t s  
4 .  Fina l  machining was performed as shown i n  Figure 11. 
Figure 11.- Final  Machining of I n e r t i a  Welded J o i n t  
5. An ageing process w a s  performed a t  440K (340OF) for 10 hours. 
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Explosive Welding DaveZopment 
Explosive welding io a means of joining metab by the explosive application 
of an impulsive load, The metals and explos~ves are arranged so that upon 
detonation, the cantact point of the metals progresses across the area to 
be welded. This forces the generation of a high energy "surface jetting", 
whSch promotes mixing and diffus-ian of the metals. 
welds may be made between a variety oE similar and dissimilar metals. 
By using suitable controls, 
f n  srder to facilitate banding 2219-T851 to 3U4L, an intermediate material 
of sterling silver was chosen. 
but the relative easa of banding sterling silver to aluminum and stainless 
steel (coupled with a thermal coefficient which I s  between Chat of 
aluminum and stainless which will reduce stresses during thermal. extremes) 
incficated that silver was a logical choice. Experiments were conducted to 
determine the optimum parameters for bonding the silver to the aluminum, 
These experiments used f lat  plate configurations to simplify the setups, 
silver thickness chasen was 0.025 cm (0.010 h.1. 
thinner than can easily be worked with, its use should result: gin a stronger 
joint; with a minimutn of degradation €ram the somewhat weaker silver, 
Other intermediate materials are available, 
The 
While this is somewhat: 
A series o f  bonds were made on flat plate specimens t o  establish the para- 
meters necessary to bond silver to 2219, and also to bond this combination 
to 3042, 
section appears in Figure 32. 
SatisEaetory bands were made and a photograph of a typical. bonded 
Higuxs 32. - Section of Sxplwive Welded 304L Stainless  
Steel to 2219-21853, Aluminum 
Cylindrical. bonds were then produced by each of three fabricatictla methods. 
%e f i r s t  technique canaieted of initia1I.y bonding silver t o  an alutnlinum  can^ 
and then bonding atafn'iess onto this eandsich, 
i l l u s t r a t e d  i n  Figure 13, 
This technique i s  s ~ h e ~ ~ i c a l l ~  
S tee l  Spacer 
Bo l t  Thru Center -4 I 
2219-T8 
er 
%tfs j a k t  was machined to the configuration shown i n  Figure 2 and then 
subjected to some preliminary tests, 
vis%blt? i n  the natural light: spectrum indicated a lack a€ ~ o n d ~ ~ g  on must 
of the O,D, between t h e  s t a i n l e s s  and s i l v e r o  Some areas a€ poor ~ o n ~ i n g  
were also evident an the X.D*¶ espec ia l ly  i n  the  shock front area (area 
of convergence of the explosive ~ e t o n a t i o n  €rant frorn each s i d e  of the 
cyl inder  >. This j o i n t  was also subjected to a leak check using nitrogen 
gaa and gndicated bubble leakage tat 30 psig .  
hydrostat ic  bwa;t pressure test and f a i l e d  a t  a pressure of 5500 ~ / c ~ ~  
(8000 pig). 
bond between the stainless 
parent: alm%num material a l s o  fa i l ing .  
A dye penetrant test using penetrant 
The j o i n t  w a s  subjected ta a 
The failure occurred i n  the a x h l  di rec t ion ,  with pa r t  of the 
s i l v e r  EaZling &E the Q*B* and part a€ the 
The second technique was  s imi la r  eo the  first In that the ~ t a t a l e s s  waa 
formed by the explos&ve; however, the par t s  were reversed t o  alfaw the  
alwainum to be an the  au ts ide  and the stahless to be expanded within it. 
The advantage of a j o i n t  made in this manner 5s poss%bly itzs resitstance ta 
cryogenic shock, where the a1urniau.m is quickly cooled and exerts high 
compressive forces on t he  bond as  compared to high t e n s i l e  forces on the 
bond if the joint: were made by the first method. 
the second method is shown i n  Figure 24, 
i l l u s t r a t e d  that the re  were problems in assembling a j o in t  in this 
The ~ o ~ i g ~ ~ ~ t ~ ~ n  used Ear 
The result was not good and 
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0.17 Rad 
Silver 
Mandrel 
Explosive 
Detonator 
Figure 14.- Explosive Bond Joint Method #2 Stainless to Silver/Aluminum 
In a joint of this small diameter, it i s  apparent that stainless steel w i l l  
not withstand the deformation necessary when strained impulsively; and further, 
the explosive gaseous products cannot escape without causing erosion of the 
materials and probably becoming trapped in the bond area, The explosive 
charge used was probably too severe, and the amplifying effect of having 
the explosive confined was stronger than anticipated. The set-up of the 
explosive charges for both the silver and the stainless bonds was more 
difficult than anticipated and the use of the mandrel, while suitable, was 
not desirable if another technique could be developed, 
The third technique used to assemble a joint was another attempt at keeping 
the aluminum on the outside of the stainless at the scarf angle interface. 
This technique required aluminum to be formed onto stainless as was the first 
method, which also required good aluminum ductility. 
the shock front area on the aluminum be attenuated to prevent the material 
from splitting and spalling. ,The basic configuration is shown in Figure 15. 
It also required that 
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304L 
f 
2219-T8 --I 
t ' 
I 
I - Bolt  
Figure 15.- Explosive Bond Jo in t  Method #/3 Silver/Aluminum t o  S ta in l e s s  
The r e s u l t s  of t h i s  f i n a l  bond method, while f a r  from per fec t ,  i nd ica t e  t h a t  
w i t h  some f u r t h e r  development t h i s  j o i n t  technique is probably useable, The 
j o i n t  leaked ni t rogen gas excessively a t  30 psig,  so was sawed i n  ha l f  
longi tudinal ly  f o r  inspection. The most evident problem was  the cracking 
of t h e  aluminum. I f  t h e  j o i n t  had been made using T351 aluminum with i t s  
s i g n i f i c a n t l y  higher d u c t i l i t y ,  it would have had less tendency t o  crack, 
and could then have been a r t i f i c a l l y  aged following bonding. 
Explosive Welding Production 
A s t e r l i n g  s i l v e r  cone connected t o  an aluminum support r i ng  w a s  attached 
t o  t h e  aluminum par t  of the j o i n t  and configured for bonding as shown i n  
Figure 16. 
0.013 cm (0.005 in.) mylar sheet  and is  shown as  the  upper three  i t e m s  i n  
the center  of Figure 17. The aluminum support r i n g  is bol ted down t o  the 
aluminum p a r t  of the  j o i n t  and the powder and detonator are shown i n  place,  
This configurat ion allows the bonding of t he  s i l v e r  t o  the  aluminum portion 
of t he  j o i n t .  
The powder support box w a s  fabr ica ted  from th ree  pieces of 
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See Figure 18 for the configuration used to bond the stainless portion of 
the joint to the Ag/Al portion, 
aldnum and is  bolted to it, 
tiation side of the joint, progressive layera of tape were applied on the sur- 
face o f  the explosive, 
ference of the joint on the Lnitiatfon side and became progressively shorter 
until. the 11th (final) layer covered l / 4  o f  the circumference. 
of the tape gave the effect o€ initiating mare energy in  the direction of 
the joint without actually increasing the explosive cha~ge. The bond was 
created in a vacuum, since the quantity of explosives with the resultant 
hot: gas products of very high acoustic velocity can contaminate the bond 
area before bonding occurs. 
is shown in Figure 19. 
%!he stainless portion seats firmly on the 
In order t o  generate Iwre energy on the ini- 
These lagers started by covering 314 of the circum- 
The mass 
The appearance of the joint after detonation 
Powder Exp 10s ive Detonator 
Myhr Powder Box 
I 
0,025 cm Silver 
(0,oro in) 
0.101 cm Standoff 
{0.040 in) 
.... -~~ -...... "..., -.*,- .... 
s 
Bolt 
Figure 18. . Setup for Explosive Bond Joint Production Stainless 
to S i lver /Aluminum 
Figure 13. - Explosive Bonded Joint Following Detonation 
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SWAGED CONSTRUCTION JOINT FABRICATION 
The swaged construction process produces a mechanical seal between the 
unlike materials by forcing one material to flow into serrations machined 
into the opposing piece. Alumtnum ferrules compoaed of 6061-T6 aluminum 
or stainless steel are produced by Metal Bellows Corporation for use in 
aerospace and general industry. 
shown in Figure 20 and are available in sizes from 1.91 cm (0.75 in.) 
through 17.8 crn (7.0 in.) diameter. 
These production items are configured as 
Tube of Various Materials 6061-T6 Alminm or 
Stainless Steel Ferrule 
Figure 20. - Configuration of Commercial Swaged Joint 
These ferrules are attached using installation tools which are portable 
and are, therefore, suitable for on site or field installation when moder- 
ate diameters are involved. 
The basic tool required is an expanding rotational device, as shown in 
Figure 21. 
Stationary Collar 
Bearing Cage 
.r 
Tapered Mandrel 
LRoller Bearings (3 ea.) 
Square Cage1 
Drive 
Figure 21. - Ferrule Installation Tool 
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With the  use of a s u i t a b l e  holding j i g  for  t he  f e r r u l e  and tube, t h i s  t oo l  
i s  inser ted  i n t o  the  tube and f e r r u l e  u n t i l  the  s t a t iona ry  c o l l a r  meets 
the f e r r u l e ,  then the  dr ive  is  ro t a t ed  with a torque wrench, As the bearing 
cage r o t a t e s ,  the  bearings force the mandrel t o  extend,.whicb i n  t u r n  forces 
the bearings t o  e x e r t  increasing force on the  ins ide  of the  fe r ru le .  Each 
f e r r u l e  i s  i n s t a l l e d  t o  a spec i f ied  torque t o  assure  cons is ten t  s t rength  and 
s ea1 ing  . 
I n  order t o  provide a j o i n t  configurat ion s imi l a r  t o  t h a t  i n  Figure 1, and t o  
approach the  problem of mating the  very hard 2219-T851 a l loy  t o  the  s t a i n l e s s  
s t e e l ,  a modification was made t o  the standard f e r r u l e  design. The j o i n t  con- 
f igu ra t ion  is  shown i n  Figure 2. 
d i s t r i b u t e  plastic s t r a i n  i n t o  the  s t a i n l e s s  por t ion  of the  j o i n t ,  and t o  pre- 
vent the  s t a i n l e s s  port ion from buckling due t o  i t s  res idua l  compressive s t r e s s  
r e s u l t i n g  from the  swaging operation. 
An aluminum backup r ing  was added t o  help 
A l l  j o i n t s  were not  manufactured a t  one time. 
r i ca t ed  and submitted t o  the test  program. These j o i n t s  had excessive leakage 
so were not f e l t  s u i t a b l e  t o  use as t e s t  matrix j o i n t s  numbers 1 and 2. In- 
s tead,  they were designated t e s t  matrix j o i n t s  numbers 14 and 15. Number 14 
normally receives  a burs t  t e s t  which was redundant with severa l  other j o i n t s ,  
and number 15 was normally used as  an u l t r a son ic  reference with EDM flaws, 
which was not required for  t h i s  j o i n t  type. 
apar t  for  inspect ion,  i t  was found t h a t  the se r r a t ions  i n  the  aluminum had not 
penetrated the s t a i n l e s s  mater ia l  su i tab ly .  
promote shear of t he  opposing mater ia ls .  
aluminum outer  s h e l l  was increased, and care  w a s  taken t o  assure  sharp corners 
a t  these  ser ra t ions .  The s t a i n l e s s  s t e e l  port ion was reduced i n  thickness t o  
approximately 0.127 cm (0.050 i n , ) ,  t o  allow the  metal  t o  more e a s i l y  flow i n t o  
the  aluminum se r ra t ions .  
I n i t i a l l y  two j o i n t s  were fab- 
When these  two j o i n t s  were cut  
The design w a s  modified t o  help 
The depth of the se r r a t ions  i n  the 
The remainder of the  f i f t e e n  j o i n t s  were made i n  t h i s  fashion a f t e r  one 
atmosphere helium leak t e s t s  indicated acceptable leakage c h a r a c t e r i s t i c s  
of most of the jo in t s .  The shor t  time ava i lab le  prevented making addi t iona l  
modifications t o  the  j o i n t s  which could have helped assure t h e i r  s u i t a b i l i t y .  
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TEST PROGRAM 
The f i r s t  t e s t  performed on each j o i n t  type w a s  y i e ld  determination and burs t ,  
Yield determination w a s  designed t o  e s t a b l i s h  the operat ing pressure l e v e l  f o r  
subsequent proof and leakage tests on o ther  j o i n t s ,  Burst was a pressur iza t ion  
t o  f a i l u r e  as a measure of j o i n t  u l t imate  s t rength.  Two specimens of each type 
were subjected t o  this  tes t ing .  
The thermal cycle  test  w a s  performed on four specimens of each type, This 
test measured the j o i n t s '  r e s i s t ance  t o  temperature excursions from 375K 
(+215'F) t o  78K (-320'F). 
the specimens were immersed int.0 each respec t ive  l i q u i d  ba th  immediately a f t e r  
withdrawal from the other.  The plan for  test was t o  cycle  two of each type 
fo r  100 cycles  and t o  determine the thermal e f f e c t  on bond leakage and r e s idua l  
bu r s t  s t rength.  I f  s i g n i f i c a n t  degradation occurred, the remaining two j o i n t s  
of each type would be subjected t o  only 50 cycles  and t h a t  e f f e c t  noted. 
l i t t l e  or  no degradation occurred, the remaining two j o i n t s  of each type would 
a l s o  be cycled 100 times and subjected t o  the  post t e s t s .  
The tes t  provided a thermal shock as well  because 
I f  
The pressure cycle  t e s t  was intended t o  determine the fa t igue  s t r eng th  of each 
bond type when subjected t o  pressure cycles  of 50% t h e o r e t i c a l  u l t imate  pressure,, 
Again, two j o i n t s  of each type were planned t o  be cycled i n i t i a l l y , ,  The second 
two would be cycled a t  a pressure determined a f t e r  t he  number of cycles  to 
f a i l u r e  were es tab l i shed  f o r  the f i r s t  two, By t h i s  method, an approximation 
of the shape of the j o i n t  f a t igue  curve could be made. 
Test Description and Procedure 
In order t o  descr ibe the  tes t  program the  j o i n t s  were subjected to,  the  test  
procedure is  included as Appendix I). 
procedure more e a s i l y  understood i n  t h i s  context.  
excerpted from the  procedure and appear as Tables 4 and 5 ,  
t o  bes t  u t i l i z e  the  l imi ted  number of specimens i n  charac te r iz ing  the  thermal 
cycle ,  pressure cycle,  and corrosion r e s i s t ance  of each j o i n t  type, while 
allowing NDT evaluat ions per iodical ly .  
Some changes have been made t o  make the  
The t e s t  matrices have been 
They were designed 
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TABLE 4 TEST MATRIX FOR INERTIA WELDED, COEXTRUDEI), AND 
EXPLOSIVE WELDED JOINTS 
Yield Determination & Burst 
*Specimen #3 only, or a specimen with hel ium leakage. 
J*J- --To be EDM flawed as an ultrasonic reference. 
-Mechanical end fittings to be used on non-welded joints 
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TABLE 5 TEST MATRIX FOR SWAGED JOINTS 
S pec imen 
~ 
I NDT I Leakage-One Atm 
Weld Endclosures SS 
Weld End Closures A1 
* 
Yield Determination & Burst 
Proof 
Leakage-Operating Press, 
Thermal Cycle 
Pressure Cycle 
Galvanic Corrosion 
Leakage-Operating Press, 
Burst 
-+- 
I x   
X X 
I 
I 
I 
I "  
13,14 
X 
X 
X 
X 
X 
15 
X 
* Mechanical end fittings to be used on non-welded joints. 
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WeldinP Evaluation 
When b imeta l l ic  j o i n t s  a r e  u t i l i z e d  i n  aerospace appl icat ions,  three bas ic  
approaches may be used which require  t radeoffs  t o  be made i n  weight, cost ,  
f a b r i c a b i l i t y ,  e t c ,  The f i r s t  approach i s  t o  use a j o i n t  similar t o  the 
one developed under t h i s  program which requires  welding a t  each end during 
i n s t a l l a t i o n .  The second approach is  t o  use a j o i n t  which incorporates a 
mechanical f lange on one end and a welding boss on the other. 
approach i s  t o  f ab r i ca t e  the  b imeta l l ic  j o i n t  d i r e c t l y  on one of  the  items 
t o  be joined, and provide a flange a t  t he  other  end of t h e  j o i n t ,  This 
approach requires  no welding t o  i n s t a l l  the jo in t .  
required,  depending on which approach is  used, the  o r ig ina l  tes t  plan in- 
cluded welded closures  on the  ends of each jo in t .  
The th i rd  
Since welding may be 
The i n i t i a l  design of the  j o i n t  and closures  was as shown i n  Figure 22. 
0.79 c m  
(0.31 in,) 
'ii- 
CAWS W ~ l d ~ ~ ~  2319 
-Weld I (347 Rod) 
A 1  Rod) I & - - - -  304L 
I 2219-'31852 Sea1.Weld 3/8 Tube t o  
Flange -_____.j.L - _ _  .-- p--- - - - - -. 
- - 
I 
0.95 cm dia. 
1.59 cm 
(0.63 in) 
1,59 cm 
(0,63 in.) 
Figure 22,- I n i t i a l  Concept f o r  Welded End F i t t i ngs  
While no d i f f i c u l t y  was encountered when welding t h e  s t a i n l e s s  s t e e l  end of 
the j o i n t ,  welding of the  aluminum end resu l ted  i n  f ine  cracks a t  the  aluminum 
O.D. and with damaged bonds on some of the ear ly  j o i n t s  tested.  
When it become evident t h a t  welding of the  aluminum ends could compromise 
some of t he  tests because of leakage and/or premature f a i l u r e ,  the decision 
was made t o  f i t  mechanical f i t t i n g s  on most of the  aluminum ends during t e s t ,  
Welding was l imited t o  a few j o i n t s  t o  get  some indica t ion  i f  welding under 
control led conditions degraded the  j o i n t  bond. 
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The f i n a l  configurat ion which was successful ly  used f o r  welding i s  shown i n  
Figure 23, and incorporated a c h i l l  r i n g  t o  pro tec t  the bond,, 
Jo in t  
Ring 
Figure 23.- Concept for  Aluminum End F i t t i n g  Weld Using Tubular Cap 
Receiving Inspect ion Results 
After  a l l  j o i n t s  were properly marked for  program i d e n t i f i c a t i o n  they were 
inspected, weighed and measuredo The r e s u l t s  are summarized i n  Table 6. 
J o i n t  dimensions are i l l u s t r a t e d  i n  Figures 1 and 2. The weights d i f f e red  
due t o  var ia t ions  i n  loca t ion  of the bond area of each j o i n t  and var ia t ions  
i n  overa l l  length. 
welding boss; therefore  the  weight r e s u l t s  obtained were f o r  a comparison 
between f ab r i ca t ion  techniques r a the r  than an ind ica t ion  of what t he  i n s t a l l e d  
weight of a f l i g h t  a r t i c l e  might be. 
Each individual  weight a l so  included the  thickened aluminum 
Some general  observations were made with regard t o  each j o i n t  type. Roughness 
was apparent on the  inner  surface i n  the a rea  of the bond on the i n e r t i a  welded 
specimens. This w a s  due to f i n a l  machining being performed p r io r  t o  the  f i n a l  
ageing operation since s o f t e r  unaged aluminum is more d i f f i c u l t  t o  machine t o  
a good f i n i s h  than aged aluminum, Also, s ince  the thickness of the materials 
t h a t  were i n e r t i a  welded was only s l i g h t l y  more than the  f i n a l  intendeddimension, 
only a small amount of mater ia l  could be removed for  surface f inishing.  The 
presence of t he  6061 aluminum intermediate layer  was not ea s i ly  v i sua l ly  detected.  
The a rea  of shock f ront  impingement was eas i ly  i d e n t i f i a b l e  on a l l  explosive 
welded jo in t s ,  as an a rea  of increased material deformation. The presence of 
the s i l v e r  intermediate layer  w a s  a l so  readi ly  apparent. 
mens had the bes t  surface f i n i s h  of any of the  j o i n t s  t h a t  were examined. The 
swaged construct ion j o i n t s  had the  aluminum port ion anodized. 
The coextruded speci- 
A photograph of each j o i n t  type i s  included as Figure 24, 25, 26, and 27. 
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TABLE 6.- RECEIVING INSPECTION RESULTS 
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TABLE 6. - RECEIVING INSPECTION RESULTS (Cont ' d) 
Note: J o i n t s  8 , l3 ,and  14 were machined t o  leave t h e  aluminum 
end sea led .  
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TABLE 6 RECEIVING INSPECTION RESULTS (Con't) 
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Yield Determination and Burst Test Results 
This test wae performed on two of each type of joint {only one coexrruded 
joint) to establish the yield and ultimate pressure characteristics of the 
joint. 
pressure level of each joint type for subsequent testing. The system used 
is sham schematically in Appendix R and the test vessel is shown in Figure 
28. Each joint was pressurized 'fry means of a positive displacement hydro- 
static pump while being contained within an outer vessel. The outer vessel 
was designed to allow total water displacement thru a calibrated burette, 
The rising burette^level was a direct visual indication of joint strain 
during pressurization and by selection oE a suZtabPe burette volume and 
transducer pressure range, a continuous recording of- pressure vessel volu- 
metric growth vs, joint inlet pressure was made. Inspection of the data 
discaosed the pressure level at which the presaure/volumetric growth de- 
viated from the linear relationship which indicated that the yield point 
(at 0% strain offset) waa reached in some part of the joint. These data 
are presented in Figure 29 ,  
This information was used to establish the proof and operating 
Figure 28, - Yield Determination and Burst: Test Vessel 
-- __I ~ ~ _ _  
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. EvaZualion of the  y i e ld  pressures obtained from each j o i n t  type indicated 
that the  s t a i n l e s s  steel i n  its annealed condition was probably the first 
porticrn oE eaeh j o i n t  to yie ld ,  
hoop d i r ec t ion  at a pressure of 2590 N/cm (3750 p i g )  (reference Appendix 
B), %e c ~ e x t r ~ d e d  j o i n t  t es ted  was made €ram cald worked stabless  which 
allowed the y i e l d  pressure to became somewhat higher and perhaps allowed 
the yield ts occur I n  the  alumlnm port ion of the  jo in t ,  The swaged con- 
s t ruc t ion  j o i n t s  both indicated a "minor" y ie ld  point: a t  about 1450 pil/cmz 
(2100 psig) where the compliance of the j o f n t  changed slightly; however, 
the pressurefs t ra in  re la t ionship  remained linear, 
considered ta be the y i e l d  of t h i s  j o i n t  type. In order t o  keep the testing 
of each joint type as comparable as possible  (since no gross differences i n  
y ie ld  pressure were observed), a proof pressure level of 2210 N/cmZ (3200 
psig) and it corresponding working pressure/ leak check pressure of 1450 N/cm2 
f21C)O p i g )  were establ ished,  
This  the r e t i c a l l y  should happen i n  the 2 
This indicat ion was not 
Praaf Test Results 
Each of the j o i n t s  (except: those subjected i n i t i a l l y  t o  the y ie ld  determination 
and burs t  tests and those used as ul t rasonic  inspecthi reference u n i t s )  was 
subjected t o  a proof pressure test to a level of 2200 8/m2 (3200 p i g )  for a 
5 minute period, Visual inspection following this t e s t  revealed no j o i n t  de- 
gKctdalFOn, 
Operating Pressure Leakage Test Results 
A l l  dFssirnilar metals j o i n t s  were subjected t o  exretnal leakage tests with the 
joints pKessufiaed inrexn-ally with gaseous helium t o  an operating pressure o f  
1450 Nfcd (2200 psig), Leakage measurments were accomplished u s h g  a Con- 
sol idated Elecrrodpmics Corporation Mass Spectrameter Leak Detector, Model 
24-120, Figure 30 shows a t y p i c a l  operating pressure leakage test i n  progress. 
ass leakage (leakage beyond the  measurement capability af the MSks) 
red, the metal Saints were subjected to an external  leakage t e s t  by using 
the water displacement method, The pressure during gross Xeakagc; testa was 
1450 N/cm* (2100 psig) ,  or less if the leak rate was too great; ta  measure at 
operating pressure, Operatfag pressure leakage rest: r e s u l t s  for  each joint 
are  tabulated i n  Table 7. 
Examination of the test  results for the explosiwe bonded joknts bxdicates 
t h a t  seven out oE t h i r t e e n  joints that were t es ted  were leakage free. The 
remaining j o i n t s  had leakage rates from l.5 c c h i n  to 400 cc/min at 10 H/cm2 
(15psig 1. Leakage t e s t  r e s u l t s  aEter thermal cycling of the explosive bonded 
joints indicated that the j o i n t s  that were leak Eree prior t o  &e cycl ing 
remained leak Eree; while t he  one Jo in t  whfch exhibited leakage pr ior  t o  
cycl ing exhibited approximately twice t h a t  leakage rate fallowing cycling. 
Results E r a  galvanic corrosion showed that the corrosive environment did 
not influence the sea l ing  i n t e g r i t y  of the explosive bands, 
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Exagsination of the test results €os the iner t ia  welded joints  indicates that 
the joints were essentially leak-free for  a13 phases of testing. A l l  of the 
thirteen jointe tested exhibited zero leakage during I n i t i a l  test conditionsr 
Leakage test resul ts  after thermal cycling o f  the iner t ia  welded jo in ts  showed 
that: the temperature cycles did nothing t o  affect the seaXing integri ty  of the 
bonds. 
showed that  zhe corrasive environment caused the bonds t o  degrade, 
exhibited a leak r a t e  of 10 ce/min a t  6130 %/ 
joints  fa i led before a proof pressure of 2206 I?/cmz (3200 psig) was achieved. 
Examination o€ the test resu l t s  for  the swaged joints  indicates that  a l l  
t h i r t e e n  joints  exh4;bited high leakage during most phases of resting, 
cycle test results shown that  the temperature cycling of the swaged joints  
had a beneficial effect  upon the bonds, 
hproved,in one case quite drastically,  from 22 cc/min t o  0 cc/min at 500 
psig, 
galvanic casrosion tests again produced beneficial. results. 
the leakage r a t e  of the joints  was Q cc /mb at lrC48 M/mz (2100 psig) 
nitrogen after completion of the test, 
Leakage test: resul ts  upon completion of the galvanic corrosion tests 
JcAnt If 
(1000 p i g )  and 
hfbited a leak r a t e  of Q cc/min a t  1034 N/cm P2 (1500 psig) but b 
Thermal 
In a21 cases the leakage rates  were 
Exposure of the swaged joints  t o  the corrosive environment during 
In both caws 
Only one coextruded jo in t  was available f a r  leakage testing, I h a  coextruded 
join& exhLbited 0 ccfmin leakage a t  1450 H/cm2 (2100 psig) helium before and 
af te r  the thermal cycle t e s t ,  
Figure 30,- Operating Pressure Leakage Test Setup 
....... x . ~  ..... I -" . 
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Pressure Cvcle T e s t  Results 
The pressure cycle test was planned t o  run %roar 10 t o  50% of the theore t ica l  
burst st rength of the  j s. Based on an ultimate s zh requirement for 
22194851 extruded a l  the  burst  s t rength 
o f  the  aluminum in the hoop f a i l u r e  mode is 4211 N/ 7 psig, This burs t  
strength indicated that a cycling r a t e  of 421 N/cm2 (611 psig) t o  2106 &'a* 
(3054 psig) was ne essary,  This was a l t e red  sl lish cycling 
limits of 427 Nlcm (520 p i g )  2137 N/cm;! (3 upper l i m i t  
was somewhat below the apparent i e l d  pressure type (reference 
Figure 28) so the  test was f e l t  t o  be reasonable though severe, and was 
probably the most severe. t e s t  to which the  joints were subjected, 
3ure cycle fixtuxe was designed to  stop automatically when j o i n t  pressure 
f e l l  below spec i f ica t ions  when cycling, 
developed a leak. The overall. t e s t  €2~. s shown i n  FZgure 32, All of 
the  j o i n t s  subjected t o  the pressure cy 
end with the use of mcktzinical closures than welded closures. %e 
s t a i n l e s s  ends were sealed e i t h e r  by a welded plug, or by welding the j o i n t s  
together i n  tandem as shown i n  Figure 33, 
u n t i l  EaFlure occuxred. 
two joints of each type indicated a data  s c a t t e r ,  so it  was elected t a  test 
the remaining joints at the same pressure leve l  ra ther  than at a reduced leve l ,  
able  8. 
is  t e s t .  
of 40,000 %/art2 (S8,OOO p 
9 
The pres- 
indicat ing '  that a Jo in t  had 
test were sealed a t  the aluminum 
The jpfnts were all pressure cycled 
The number of cycles to failuze observed on the first 
lChe coextruded j o i n t s  were not avai lable  i n  time 
Figure 33,- Typical Jcrfnee 3efng §lrbjec;te?d to Pressure Gyele 
The failure made o f  the explosive welded joints was ti slight separation at 
the. SS/Ag bond line, 
alumfrrum portfan as illustrated fn Figure 34. 
9 and 10 faited in the aluminum portion as shown in Figure 35, 
shaws one of the swaged construction j a b l s  which was sectioned after cyclic 
failure, 
oE the swaged constructson methad since ather juiIses that had been burst 
and then sectioned always had a portion of the band destroyed, 
the alminum and stainless steel portions, as w e l l  as the aluminum back-up 
ring, 
stainless steel. 
we11 by the end of the stainless steel portion. 
The inertia welded joints, however, fafled in the  
Swaged constmction joints 
Figure 36 
This joint provided &e best visual infomation fur understanding 
TTisible are 
Serrations in the aluxalntxn can be seen to have been penetrated by the 
%e aluminum has also been axially penetrated particularly 
Figure 34,- Fatigue Faflure of h a r t l a  Welded Saint 
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Galvanic Corrosion Test Results 
This t e s t  was performed t o  establish &e re la t ive  resistance of each j o h t  
type to galvanic corrosionwhen submerged i n  a 5% by weigfit UaC1/H20 
solution. 
test i n  order t o  determine the effect a€ residual stress or metallurgical 
a l terat ion on the corrosion process, 
corrossve deterioration of the joints during the four week submersion 
period, e lec t r ica l  leads were: connected t o  the: joints  t o  allow resistance 
measurements through the bond area. 
the joints  could also carrode and cause misleading resistance measurements, 
the connections were protected with KA7 silicane sealer, 
were made a t  each end of each joint  so tha a ta re  resdstance could be 
established in order to assure connectfon ntegrity beEore evaluation of 
the bond. 
as no apparent resistance change wag observed in the tare readings and sub- 
sequent dissawmnbly of the joints  a f t e r  the corrosim testing showed tha t  
the RTV provided a good seal  €ram the salt water aalutian, me joints were 
a l l  subjected t o  leakage and burst tests a f t e r  removal from the bath, and 
these data are presented i n  those respective test sections. Figure 37 is  a 
photograph of the Sixture used for the corrosioa test showing joints  prior 
t o  submersion, the test tank, and the 4735-1 b e d s  and Prorthrup 6uarded 
Wheatstone Bridge and the 2430-0 k e d s  and Marthrazp Galvanmeter used for 
the resistance measurements. 
%e bands were not protected E r a  the electrolyte during this 
Xn order t o  monitor: any gross 
Since the electrical connection on 
Two cannecrions 
This method of protecting the connections worked quite w e l l ,  
The resistance through the bond area for each of the joints  subjected t o  the 
electrolyt ic  solution was measured a t  4 t o  6 day intervals t o  detamine i E  
corrosion of the metals had a deleterious e f fec t  upon the bond, 
measurements were monitmed to an accuracy of six places and were found t o  
change very l i t t l e  throughout the 4 week test period, 
in resistance measurements were determined t o  have been caused by sl ight  
temperature differences of the solution between resistance measurement 
periods. fnspection aEter K ~ O V ~  frm the bath indicated the explosive 
bonded jo in ts  and swaged joints  appeared t o  have been affected very l i t t l e  
by galvanic corrosion, The i ne r t i a  welded joints  showed the most galvanic 
corrosion reaction to the salt water electrolyte. 
primarily in the 6061. portion of the band, Figures 38 and 39 show typical 
galvanic corrosive attacks on the inertia welded bund, 
The resistance 
Any small variations 
The corrosfan occurred 
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Figure 39,- Inertia Welded Joint After Corrosion and Burst 
Test-View of Aluminum Joint Half 0.D. at 2219f6061 
Inter face 
Burst: Test Results 
A s  a determination of a joint's structural st rength,  many of them were subjected 
to i n t e rna l  pressurizat ion until burst: occurred. This test was performed on 
some j o in t s  pr ior  t o  any other  t e s t ,  s ~ m e  aEter a proof pressure and leakage 
test, and some following env2romentaf t e s t ing  t o  determine res idua l  strength.  
The r e s u l t s  a re  presented i n  Table LO, A camparison of the observed burst 
pressures with equivalent axial and hoop stresses can be obtained by r e fe r r ing  
t o  Appendix B. 
manner when hydroburst. 
Most of the j a i n t s  o f  each type f a i l ed  in thesame s t r u c t u r a l  
Typical burst modes axe shown in the following figures: 
Figure 48 shows an explosive welded joint: after burs t  and Figure 41 shows the  
typ ica l  appearance of the j o i n t  when it  was then separated into two pieces, 
rke failure occurred p a r t i a l l y  i n  the  bond between the silver and s t a in fe s s  
and p a r t i a l l y  i n  axial shear i n  the aluminum, 
j o i n t s  f a i l e d  i n  the hoop mode as shown in Figure 42. 
h e  of the. explosive welded 
Figure 43 shows an i n e r t i a  welded joint: sfrer burst ,  There was no apparent 
"necking" of the alumPnum and very little resfdual  afuminura remained on the 
stafnfess partion, This apparent "brltttle" behavior of the bond at the  304L/ 
6061 in te r face  wets evident OR a l l  i n e r t i a  welded j o i n t s  subjected t o  burst ,  
and acme of the joints showed separation of the 6051/2219 aluminum in te r face ,  
Even though the band appeared t o  f a i l  in a '1bbri2tlef' manner, the s t rength 
level and consistency oE these jaints was excellenr, 
13-23 
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Figare 44 shows a typical hydroburst failure of a swaged construction Jofnt, 
The stainless end slipped axial 
to allow leakage. One joint f a  ed in a manner 
i n  Figure 44; the stainless por ere i t a  sectional 
area had been thinned gor the swaging process, 
frm the alumi 
Figure 46 shows B hydroburst failure of a coextmrded j This was also 
a "brEttle" type Pailure and had essentially nu ne 
portion of the joint. 
joint i n  that ooly a small amount of aluminum 
O.D. of the stainless cone following 'burst. 
X t  should be pointed out that if these joints were sufficiently long in the 
aluminum portllons to allow hoop stress gailure in the aluminum, the failure 
pressure would have been 4206 N/cm* (6100 ps ig)  assumfng a 40,033 N/cm2 
(58,000 psi) ultimate stress for 2219=T8511 akm+hxme Since most  of the 
failure pressures were well above this ,  it can be concluded that the joints 
were generally stronger than the parent material of the weaker component, 
The band Tailed similar 
40, - Explosive Welded Joht Burst Failure 
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Figure 43 ,  - Inertia Welded Joint Bu~st Failure 
. . . 

Mon-Destructive Test ResuIts 
APX d i s s h i l a m  metals j o i n t s  were subjected t o  various types of non-destructive 
tests t o  determine i f  any flaws could be found i n  the  bonds, The types of now 
des t ruc t ive  rests that were chosen t o  be performed on the  joints were as follows: 
Dye penetrant,  one atmosphere helium leakage, and u l t rasonic .  X-ray anafysea 
were also considered but  a decis ion was made not to include thep as  pa r t  of the 
non-destructive t e s t  format, The determination was made t h a t  an x-ray ana lys i s  
of ze dfsshnflar metal bond could not r e a l l y  determine if two d i f f e r e n t  metals 
were ac tua l ly  bonded to Q R ~  another or i f  the two metals were only pressed 
together, 
an X-ray scan and small voids, inclusions,  or cracks could remain undetected. 
It was also determined t h a t  only major flaws would be revealed by 
Dye Penetrant Test Results 
Dye penetrant inspection was performed an each jaint  (except swaged construct ion)  
i n  the following manner: 
of any oils or contarninanto, (2)  a f luorescent  penetrat ing so lu t ion  was spar ingly 
wiped over the  inner and outer  bonds and aflawed to  remain for a 5 minute time 
periad, (3) all excess penetrat ing solution was removed €ram the  b&d surfaces  
by wiping with a c lo th  moistened with penetrant remover, (4) developer was 
sprayed over the inner and outer bond surfaces ,  and f5)  the  bond surfaces  were 
carefu l ly  examined for  fluorescence by examining the areas  under ult-ravialet: 
light, 
(I) the  inner and outer bonds were thoroughly cleaned 
A l l  data  obtained during dye penetrant testing i s  sham i n  Table 11, 
j o i n t s  were not subjected to dye penetrant inspect ian because the canstruction 
and geametry of these j o i n t s  are not well suited to  penetrant inspection, 
Swaged 
One Atmosphere Belium Leakage Test Results 
A11 dissimilar metals j o i n t s  were subjected ta a one atmosphere helium leakage 
test per the  method described i n  Appendix U, A photograph of the t e s t  appears 
as Hlgure 4?* All leakage r a t e s  Ear the dissimilar metals j o i n t s  are shown 
In  TabXe 12, 
11-29 
O.D, None X.D. Spotty 
Dell, None f,D, Sport 
t I 
%UTE: 1, First entry represents tes t  prior t o  p~~~~~~~~~~ faZfows proof, 
S.P. Fndicates a penarrant abservatkon wa6 made at: ?%e shock 
EroEtt area unly, 
A l l  inertia welded indieations were at; AEfAl bond, ezcepr 11, 
13, 14 
Uresco P-151 fluorescent penetrant used, 
2, 
3, 
4 ,  
15, wkr.ich. were at AlfSS and A ~ / A ~ . ~ ~ ~ d ~ .  
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Figure 47, One Atmosphere Helium Leakage Test 
MOTES: 1, "ZeroLf indicates leakage less than 3x10-" sce/sec 
2, 'Wf-Scale** indicates leakage greater than 3x10*' scc/sec 
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Ult;rarsonic Inspection Teat Results 
Ultrasonic inspection of selected joints was perfamed to determine the  
a p p l i c a b i l f t y  of th&s flaw Znrspaceian method for finding anm2Pefs in the 
di€fererrt bonds, An ultrasorrict trmsdueer and test  faint were submerged In 
a water bath. 
spectian techn2qucr. F%fgure 48 ie a sch ic a€ Ehe t e s t  arrangement used, 
The turnt&le speed was adjustable up t: a d  was EWI near its 
upper 1 h i t  fox: f%is test .  of movjlng c ~ ~ s t ~ ~ ~ ~  
upwa 
the appruxhately 0,051 can (0,020 in,)  inimxals, e l ~ ~ t r o ~ ~ ~ s  
used 
a 10 Weceit~.er and Trasigate ES50, A 0,635 <0,25 
traa 
!&e bond was then exmfned ultra~m%cly by a shear wave tn- 
The transducer was cap 
tumkable rotated, and was adjtisted t o  provide a C-scan across 
Automatioa Industries UM-715 Reflectoscope ia conjuxrctio 
th a elat end was operated at a frequency oE 1 
Transducer TtavaT 
* - Ultrasonic Test SeQup 
Xn order to provide a reference for a known flaw ~~~~~~~~~ ED%% (electro- 
dgtscharge maekined) flaws were made 2n one o f  Che inertia w ~ l ~ e ~  and one o f  
the explosive welded joints, 
_ia%ntx Era the; ultrasonic evaluation because af the d i ~ ~ ~ ~ ~ l t ~  in ~ ~ e ~ a ~ ~ ~ ~  
meaningful flaws in a re€ere;nce jaint, and also because %he ultrasonic deter- 
rninatiun of disski lar metal contact would be dlffLcuXt tu properly relate ta 
a 'ledcage criterion, 
49 * 
A ctecision was made to exclude swaged ~ ~ ~ ~ r ~ ~ ~ ~ ~ n  
The ED% flaw orientation and geolak?Ery is shown in Figure 
11 -32 
Ag/ 2219 6061/2219 
0.027 cm 
(0.011 in.) (0.015 in.) (0.010 in.)  (0.015 in.,) [ { 0.038 cm 1 { ?ii:4cm } { ? ~ ~ ~ 2 ~ ~  
t 
Explosive Welded Jo in t  
( V i e w  from SS end) 
I n e r t i a  Welded Jo in t  
(View f r m  SS end) 
Figure 4 9 .  - EDM F l a w  Depth - Ultrasonic Reference J o i n t s  
I n e r t i a  welded j o i n t  numbers 9 and 10 were inspected. 
t o  pressure cycle  t e s t i n g  and also midway thru  the  cycl ing procedure t o  t r y  t o  
iden t i fy  any flaw growth. The reference j o i n t  was placed i n  the  inspect ion 
f i x t u r e  and parameters were var ied t o  allow i d e n t i f i c g t i o n  of the  EDM flaws. 
The transducer w a s  placed a t  an angle of 0.28 rad  (16 ) r e l a t i v e  t o  a plane 
normal t o  the  j o i n t  axis. 
inspect ion of f l a t  p l a t e  specimens as the  angle providing the  b e s t  compromise 
between s e n s i t i v i t y  and capab i l i t y  of inspect ion t o  the  surfaces  of a specimen. 
Since the  p o s s i b i l i t y  ex is ted  t h a t  s i g n i f i c a n t  flaws ex i s t ed  i n  the  bond a rea  
a t  or  near t he  inner  o r  ou ter  surface,  t he  inspect ion of only the  i n t e r n a l  
volume of t he  bond would have been improper. 
These were examined p r io r  
This angle had been developed previously during 
An i n i t i a l  inspect ion of the  i n e r t i a  welded reference j o i n t  was made t o  estab- 
l i s h  the  proper s e n s i t i v i t y  €or the  scan; t h a t  is, the  l e v e l  of r e f l e c t e d  wave 
considered s ign i f i can t .  The readout cha r t  was t r iggered  t o  p r i n t  o r  not p r i n t  
based on the  l e v e l  of t h i s  s e n s i t i v i t y ,  Figure 50 is  the  inspec t ion  pa t t e rn  
obtained from the  i n e r t i a  welded reference jo in t .  This p a t t e r n  represents  a 
"picture" of the  j o i n t  looking from the  outs ide  surface a t  a l l  the  flaws pre- 
s en t  on or i n  t h a t  wall. The width of t he  pa t te rn  represents  t he  length along 
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t he  j o i n t  which w a s  scanned, a t  a f u l l  s ca l e  re la t ionship ;  while the length 
of t he  pa t t e rn  represents  the dis tance around the  j o i n t  circumference a t  the  
r a t i o  of 2.3 u n i t s  of pa t t e rn  length f o r  every u n i t  of c i rcumferent ia l  d i s -  
tance. The da ta  i n  Figure 50 represents  a v e r t i c a l  scan over a d i s tance  much 
grea te r  than the  bond width and a pa t t e rn  length corresponding t o  s l i g h t l y  
more than ha l f  of the  j o i n t  circumference. The l i g h t  patches i n  the  pa t t e rn  
represent  echoes caused by d i scon t inu i t i e s  i n  the  acoust ic  f i e ld .  I n  t h i s  
case the spots  due t o  the in t en t iona l  flaws a r e  i d e n t i f i e d  while t he  other  
spots  v i s i b l e  a r e  due t o  i n t e r n a l  surface i r r e g u l a r i t i e s  from previous machin- 
ing operations on t h e  jo in t ,  When the s e n s i t i v i t y  was adjusted t o  a s l i g h t l y  
lower l eve l  the  machining i r r e g u l a r i t i e s  were no longer v i s i b l e ;  but ne i the r  
were the in t en t iona l  flaws on the  outs ide surface,  s o  the s e n s i t i v i t y  shown 
i n  Figure 50 was f e l t  t o  be optimum. A pa t t e rn  of t he  bonds fo r  i n e r t i a  
welded j o i n t s  9 and 10 was generated p r i o r  t o  subjec t ing  them t o  pressure cycle 
t e s t ing .  Figures 51 and 52 show the inspect ion pa t te rns  from j o i n t s  9 and 10 
t h a t  were produced a t  the same s e n s i t i v i t y  as  t he  pa t te rn  i n  Figure 50. The 
obvious increase i n  ind ica t ion  was t raced t o  the  poor surface f i n i s h  on the 
j o i n t s .  
r e su l t ed  i n  the p a t t e r n  shown i n  Figure 53. This pat te rn  shows only the in-  
s ide  surface flaws, A t  t h i s  same reduced s e n s i t i v i t y ,  pa t te rns  fo r  j o i n t s  9 
and 10 were obtained and a re  shown i n  Figures 54 and 55. 
no echoes i n  t h e  bond area while j o i n t  10 p a t t e r n  s t i l l  shows three  major flaw 
indicat ions.  Pa t t e rns  54 and 55 a re  considered t o  be tare readings fo r  j o i n t s  
9 and 10 before  they were subjected t o  pressure cyc le  t e s t s .  The j o i n t s  were 
then pressure cycled and a f t e r  66,000 cycles were again u l t r a son ic ly  inspected 
t o  determine i f  flaw growth could be  observed. The reference j o i n t  was then 
examined a t  the  same reduced s e n s i t i v i t y  as  the  pa t t e rns  shown i n  Figure 53. 
This pa t t e rn  i s  shown i n  Figure 56. Post-pressure cycle  pa t te rns  of j o i n t s  
9 and 10 appear as Figures 57 and 58. A comparison of Figure 58 with Figure 
55 ind ica tes  t h a t  very l i t t l e  i f  any change occurred due t o  the pressure 
cycl ing.  The only pa t t e rn  va r i a t ions  observed a r e  f e l t  t o  be due t o  possible  
minor changes between inspect ion f i x t u r e  preparat ions and changes i n  the sur- 
face f i n i s h  of the  j o i n t s  due t o  handling, Some scans were a l so  made a t  t he  
previous higher s e n s i t i v i t y  pa t te rns .  The f a c t  t h a t  j o i n t  9 p a t t e r n  appears 
t o  be much c leaner  i n  a l l  inspect ions compares w e l l  with pressure cycle  da ta  
t h a t  shows j o i n t  9 survived 232,366 cycles as compared t o  only 189,107 for  
j o i n t  10, Jo in t  9 was the only i n e r t i a  welded j o i n t  t o  f a i l  p a r t i a l l y  a t  the 
bond l i n e  during pressure cyc le  t e s t ing .  
t h a t  no flaws ex is ted  i n  the  bond p r io r  t o  f a i l u r e .  
Reduction of t h e  s e n s i t i v i t y  and re inspec t ion  of t he  reference j o i n t  
Jo in t  9 pa t t e rn  shows 
Inspect ion of the  f a i l e d  a rea  revealed 
Explosive welded j o i n t  5 was evaluated i n  a s imi l a r  manner, but the  u l t r a -  
sonic  inspect ions were performed before and a f t e r  thermal cycle t e s t ing .  
The explosive welded reference j o i n t  i n t o  which EDM flaws were machined was 
a ha l f - jo in t .  The flaws were arranged on the  j o i n t  surfaces  as shown i n  
Figure 49. When t h i s  h a l f - j o i n t  was u l t r a son ic ly  inspected, i t  was f i t t e d  
i n t o  the s i d e  of a tube which had been machined t o  accept it. Figure 54 
shows a pa t t e rn  r e s u l t i n g  from a scan of t he  reference j o i n t  a t  low sensi-  
t i v i t y .  The only EDM flaw which the inspect ion i d e n t i f i e d  i s  the one on 
the  O.D. between the s t a i n l e s s  and s i l v e r .  A t  t h i s  low s e n s i t i v i t y  o ther  
a reas  showed echoes, and a t  increased s e n s i t i v i t y  (Figure 60) t h i s  became 
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more pronounced. I f  the I e D .  flaws had been present on the  pa t te rn ,  they 
would be located about 1.3 cm (0.5 in.) above the  other  ind ica t ions  due t o  
the  scar f  configuration. The white area on the  pa t te rns  represents  the  
angular portion of the welding boss, on the  aluminum ha l f  of the  jo in t .  
The other indicat ions shown on the  same pa t t e rn  l eve l  with the  O.D. flaws 
may have been due t o  poor bonding a t  the  feather  edge of the  s t a i n l e s s  
por t ion  of the  j o i n t .  
Ultrasonic inspect ion pa t te rns  of explosive bonded j o i n t  5 that  were taken a t  
two s e n s i t i v i t y  s e t t i n g s  p r io r  t o  the thermal cycle  t e s t i n g  are  shown i n  
Figures 61 and 6 2 .  The flaw indica t ions  shown i n  Figure 61 are  i n  the area 
of the  s i l v e r / s i l v e r  explosive bond. 
the shock fron area. Jo in t  5 was subjected t o  thermal cyc le  t e s t ing ,  where 
100 cycles were completed without leakage occurring. Ultrasonic inspect ion 
w a s  repeated and the  r e s u l t s  a r e  shown i n  Figure 6 3 .  
and shock f ron t  areas a re  s t i l l  v i s i b l e  as  before,  and except f o r  a s l i g h t  
increase i n  the  e f f ec t ive  s e n s i t i v i t y  (compared with Figure 62) the  r e s u l t s  
a r e  the same. When t h i s  j o i n t  was eventually bu r s t ,  the  i n i t i a l  f a i l u r e  
point was near the  s i l v e r  j o i n t  area; so the  ind ica t ions  of a possible  d is -  
bond area i n  t h a t  v i c i n i t y  were probably valid.  
Figure 62 shows t h i s  area as well  as  
The s i l v e r / s i l v e r  bond 
The primary problem t h a t  hampered the u l t r a son ic  evaluat ion was the  sur face  
f i n i s h  c h a r a c t e r i s t i c s  of the j o i n t s  used for  reference and t e s t  items. When 
it i s  important t o  iden t i fy  flaws a t  or near a surface by u l t r a son ic  inspection, 
the surface f i n i s h  must be much b e t t e r  than t h a t  required t o  meet other  jo$nt 
useage c r i t e r i a .  
evaluation of d i s s imi l a r  metal j o i n t s  where a high reso lu t ion  is desired.  
i n t en t iona l  flaws were made s m a l l  when compared t o  the  wall thickness i n  an 
attempt t o  get some evaluation of the  s e n s i t i v i t y  t h a t  could be expected of 
the technique. 
the  scans, the  s e n s i t i v i t y  obtained (even with poor f in i shes )  is  very adequate 
t o  make u l t r a son ic  inspection a valuable tool  i n  W T  or  d iss imi la r  metals 
j o i n t s  e 
A f i n i s h  of 32 RMS i s  recammended for  any fu r the r  u l t r a son ic  
The 
Even though a l l  of the  in t en t iona l  flaws did not appear on 
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Metalfopraahic Inspection Results 
Samples were cut from the bond areas of the dissimilar metals and prepared 
for metallographic and microscopic inspection, The specimens were mounted, 
ground, polished and final polished to provide the smcroth surfaces necessary 
for microscopic examination, 
dividual metallurgical characteristics such as grain size, grain boundaries, 
alloying, contaminant particles, flaw patterns and other physical. character- 
istics, 
Ferric chloride and hydrochloric acid for 304L stainless steel, Keller's 
etch f o r  the 6061 and 2219 aluminums, and Potassium cyanide-ammonium per- 
sulphate €os the silver. During the examinat 
intensities was used to contrast different characteristics and structures 
that were observed in the metals, 
ai: various magnifications or). a Bausch and Lomb Research IT &taLZograph and 
a Zeiss Universal microscope, 
The different metals were etched to show in- 
The etching reagents used during the examinations were as follows: 
ns polarized light of different 
The samples were examined and photographed 
Xnertia Weldinn Bond Analyses 
The inertia welded bond Is fn essence a metallurgical bond due to friction 
welding, Friction welding is a variation of pressure welding in that the 
welded connection is formed without melting the metal. The connection is 
formed by joint plast ic  deformation of the metals due to the hea-t resulting 
from frictional forces, This plastic deformation plays a special role in 
the friction welding process - on the one hand contributing to the destruc- 
tion and e l imhat ion  of surface oxide fibs and contamination and on the 
other hand a i d i n g  in temperature stabilization at the bond area, 
Microscopic analyses of the friction welded connections (304L stainless 
steel/606l aluminum and 6062 aluminumf2219 aluminum) revealed that the 
bond Z ~ E S  dfd not contain any voids, flaws, oxide, foreQn'fnclusions or 
microscopic defects, In addition to this a specific texture and small 
grain s ize  that are typical. for a friction welded joint and the adjacent 
zones were prevalent, These were apparently the result of mechanical 
smearfag of gragnts durhg  the coarse of crushing the surface layers of the 
metal. due to friction and plastic deformation, 
the. typical. friction bond llnes between the 304L stainless stee1/6062 aluminum 
and 6061 alu&num/22%9 aluminm, 
Figures 64 and 65 show 
"he cleanliness of the friction bonds between the 304L stainless streell 
6061 a ldnum and 6061 alumfnum/2219 aluminum must be partfcularly 
emphasized, Microscopic exmnination of the two bond lines under hfgher 
magnification (greater than 400X) revealed no voids, secondary phases, 
oxides or fnclwiona existhg between ehe different metals, 
occurred between the faying surfaces of the different metals, M R a t i o n  
of the friction bond between the 6061f2219 a l d n w  appeared t o  show Chat 
So anomlfes 
re diffused along the bond line, Examination data obtained 
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with the  use of the  ARL Electron Weroprabe X-Ray Analyzer . Scanning 
Electron Microscope supported t h i s  observation. Examination da ta  obtained 
from the e lec t ron  microprobe also h d i e a t e d  that a lrZf8usj.m W d  exis ted 
between the  3ML stainless steel. and the 6061 aluminum, 
Explosive Band Analyses 
Explosive bonding is an operat ion in which metal surfaces  with s u i t a b l e  
geometry and or i en ta t ion  are brought together with ti high r e l a t i v e  ve loc i ty  
and pressure such t h a t  p l a s t i c  in te rac t ion  OCCUKS betwe 
faces ,  Xn this processr when one par t  is collapsed against  the o 
heavy p l a s t i c  i n t e rac t ion  batween the metals (termed surface j e t t  
which produces a high strength weld. 
bond produced between 3042 s t a i n l e s s  steel and 2219 aluminum, using a 
silver i n t e m e d i a t e  material. XI ^._________I___ 
the metal sur-  
Figure 66 shows a typ ica l  explosive 
Figure 66,-  Nicrograph of Typical ExpLosWe Bond Between 304L Sta in l e s s  
Steel and 2219 Aluminum, Using Silver Intermediate Material, 
As the detanation.wave propagates along the  explosive charge, t he  stain- 
less s t e e l  sequent ia l ly  col lapses  aga ins t  the  s i l v e r  producing the d i s t inc -  
t i v e  wave pa t t e rn  that is t yp ica l  of explosfve bonds, iPhe surface j e t t i n g  
e f f e c t  scrubs the surfacea of t h e  metals of any contamination, oxide l aye r  
o r  s ca l e  as the  detonation wave propagates in order t o  produce a st rong 
meta l lurg ica l  bond between the  two metals. 
Figure 67 shows a single wave produced when 3U4L s t a i n l e s s  steel was 
explosively bonded to s t e r l i n g  s i l v e r .  
12-3 
Antass o f  material that was scrubbed frm the metal surfaces was ~ e p o ~ i ~ ~ ~  
under the curl 0% the wave and at. &e upper reaches of the wave! trough thus 
BeavLstg ehe resr; of the surface cleansed far bunding, 
revealed t h a t  this mass consisked o f  a mechanical ntfxtare af small pieces of 
s t & i ~ l e s s  teel, silver, metal axides and ~ ~ n t ~ ~ n a n t ~ *  
Mcroscap%~ ~ i ~ ~ ~ o ~  
Figure 48 shows a typical wave produced when sterling si lver was ~ x p ~ ~ ~ ~ v e l ~  
bonded to  2229 aldnurmr, 
219 Alnminum 
F5gure 68.- ~~~~~g~~~~ of Typical Wave Pattern af  Silver #!kplosiveIy 
Plicroscopic exmfnation of the Ag/A1 bond line also showed the ttwendaus 
plastic defamation incurred by the s i fJer ,  
was again small and elongated along the bond line, 
at  the  tips af the s5lver waves. 
observed around the silver waves and became entrapped i n  Che collapsed and 
tumbled silver waves. Figure 69 shaws this  alloy or mixture and the voids 
in the sirver waves. 
Bonded To Aluminum 
Ttte g r a b  structure of silver 
Small voids were observed 
A complex aluminum alloy or mixture was 
Deformation of the aluminum grain structure occurred along the bond line, 
The grains @ere small and appeared to be smeared because of the  tremendous 
pressures occurring along the bond line, Microscopic examination of the 
AX/& bond showed that the aluminum appeared ta diffuse Lnto the silver, but 
only at the t i p s  of: the silver WEIV~~. 
in the next section supports thZs apparent observation, 
The presence o f  the small voids in the waves, especially i n  the A g l A l  bund, 
may be a characteristic attributable to the materials being banded when 
t he  proper coaditions are provided, rather than due to any error in power 
or i n  configuration when the bond was made. Apparently the voids did not 
%nterconnect between waves in the bond, or none of the joints c m l d  have 
bean free of helium 'feskage, This represents il significant advantage for 
an explosive welded joint having a scarf angle configxirateon a t  &e interface, 
where the waves of the bond ate concentric wich the joint, A joint made with 
a butt weld configuration whfck is maclrjlned fram a thick sandwiched p la te  may 
have a high probability of leaking thru Ehese voids, 
Again the electron microprobe data 

of i t s  r e l a t i v e l y  high content (6.3%) i n  2219 versus i t s  low content (0.25%) 
i n  6061. Several scans of each type were made with s imi la r  r e su l t s .  Figure 70 
is  a typ ica l  ARL recording of the  Cu/Cu scan. 
beam scan, the  recorder s e n s i t i v i t y  and paper speed are accounted for ,  the 
apparent d i f fus ion  area w a s  about 4.5 microns thick. Figure 71 i s  a t yp ica l  
recording showing a Cu/Mg scan. 
l aye r  about 6.0 microns th ick  and a copper d i f fus ion  layer  about 6.6 microns 
thick. 
When the  speed of the  e lec t ron  
The scan indicated a magnesium di f fus ion  
m e n  analyzing the  i n e r t i a  welded bond between the  6061 aluminum and 304L 
s t a i n l e s s  s t e e l ,  scans were made with spectrometer i d e n t i f i c a t i o n s  of Fe and 
Fe/Al. Typical recorder t r aces  of these are shown i n F i g u r e s  72 and 73. 
Figure 72 shows the  Fe scan and ind ica tes  about 5,6 microns of diffusion.  
Figure 73 shows the  Fe/Al scan and ind ica tes  about 5.0 microns of Fe d i f fus ion  
and about 6.0 microns of A 1  diffusion. 
When the  explosive welded bond between the 2219 aluminum and the s t e r l i n g  
s i l v e r  was analyzed, scans were made with one spectrometer set t o  iden t i fy  
aluminum. 
Figure 74. The amount of d i f fus ion  observed may be measured as about 3.1 
microns or much more depending on in t e rp re t a t ion  of the data. 
The r e s u l t s  of t yp ica l  scans made by t h i s  method a r e  shown i n  
When analyzing the  explosive bond between the s i l v e r  and the  304L s t a i n l e s s  
s t e e l ,  scans were made using spectrometers set t o  iden t i fy  Ag and Fe, and 
only Fee 
microns of diffusion.  
the  in t e r f ace  is  probably the e f f e c t  caused by one of the  trapped pockets 
of mater ia l  created by t h e  j e t t i n g  ac t ion  during explosive welding. 
76 i s  t y p i c a l  of a Fe only scan where none of the trapped pockets were crossed 
during scanning and shows d i f fus ion  of about 3.6 microns. 
A t yp ica l  Ag/Fe scan appears i n  Figure 75 and shows about 2.0 
The peak t h a t  i s  seen i n  both t r aces  p r i o r  t o  reaching 
Figure 
From evaluat ion of the  ARI, data  it i s  apparent the  i n e r t i a  welded in te r faces  
a r e  very cons is ten t  and a r e  diffused t o  about 4,O microns. The d i f fus ion  i s  
v i sua l ly  observable a t  the  6061 t o  2219 bond but not a t  the  304L t o  6061 bond 
during microscopic examination of prepared specimens. The i n t e r f ace  consistency, 
however i s  very apparent from a v isua l  inspection of e i t h e r  of the  bonds. The 
explosive welded microsecions, on the other  hand, show cons is ten t  pa t te rns  of 
r ad ica l ly  d i f f e r i n g  conditions.  This was read i ly  apparent because of the  non- 
r epea tab i l i t y  of the  ARL da ta  which indicated very a l t e r ed  r e s u l t s  for  each 
new scanning path. While the d i f fus ion  level i n  the  bond appears t o  be about 
3.0 microns, the  areas ind ica t ing  t h i s  d i f fus ion  level were those which had 
f a i r l y  straight-forward ARL t races  and therefore  a r e  not r e a l l y  representa t ive  
of t he  t o t a l  surface contact  areas. 
welded in t e r f aces  appear t o  be geniune meta l lurg ica l  bonds. 
Both the  i n e r t i a  welded and explosive 
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LARGE JOINT EVALUATION 
0.64 cm 
(0.25 in.) 
7- 
Aluminum End 
Applications e x i s t  for  d i s s imi l a r  metals j o i n t s  of much l a rge r  sizes than those 
used f o r  t h i s  development program, Estimates have been made of t he  f ab r i ca t ion  
techniques, f e a s i b i l i t y ,  and cos ts  of producing l a rge r  j o in t s .  S izes  which 
were chosen for evaluat ion were based on tubing diameter requirements present ly  
indicated on Shu t t l e  Orbi ter ,  These include: 
1' A 
- -- 8 -  2; 30.5 (&) 12.0 
Diameter S ta in l e s s  S t e e l  
End Approx. 
3.8  cm (1.5 in.) 
Length 43 .2  17.0 
20 cm 
30 c m  
43 cm 
---- 
Line Size Corresponding Orbi ter  Line 
(8 in , )  diameter 
(12 in.) diameter 
(17 in.) diameter 
F i l l  and Drain, LOX & L 3  
PlPS Engine Feedline Section, LOX &L€$ 
MPS Manifold Feedline Section, LOX & LH2 
V 
The configurat ion es tab l i shed  f o r  the  evaluation i s  shown i n  Figure 77. The 
wall thickness shown i s  0.33 cm (0.13 i n * ) ,  s ince  the f e a s i b i l i t y  of f ab r i ca t ing  
j o i n t s  of t h i s  thickness has been demonstrated i n  the 6 .4  cm (2.5 in , )  diameter 
j o in t s .  The d e s i r a b i l i t y  of fabr ica t ing  j o i n t s  having a wal l  as t h i n  as 0.10 cm 
(0,040 in,)  f o r  some aerospace appl icat ions is recognized; bu t ,  i n  most cases 
t h i s  t h i n  wall  w i l l  a f f e c t  only the f i n a l  machining and not the  f ab r i ca t ion  
technique. The aluminum end of the  j o i n t  is shown having a welding boss similar 
t o  t h a t  of the  6.4 cm (2.5 in , )  0,D. j o i n t s  and is l e f t  adequately long t o  assure  
adaptab i l i ty  t o  any foreseeable welding technique. 
necessary and the  aluminum (or s t a i n l e s s  s t e e l )  length may be excessive (depending 
on the  appl ica t ion  of the  j o i n t ) ,  but these  are r e l a t i v e l y  minor modifications 
of the  basel ine configuration. 
The welding boss may not be 
I n e r t i a  Welded Larpe J o i n t s  
Based on the  results of the  6.4 cm (2.5 in.) diameter j o i n t  development and 
tes t ,  the  production of 20, 30, and 43 cm (8, 12 and 1 7  in.) diameter j o i n t s  
by i n e r t i a  welding should require  a mininum of development. As the  a reas  t o  
be welded increase  the  required; energy capaci ty  of the  i n e r t i a  welding 
machine also increases.  The s t a i n l e s s  t o  aluminum weld requi res  about 25% 
13-1 
more energy than a corresponding s t e e l  t o  s t e e l  weld; but  the  0.33 cm (0.13 in.)  
wal l  of the  proposed 43 cm (17 in.) diameter j o i n t  s t i l l  f a l l s  well  within the  
energy capaci ty  of a C a t e r p i l l a r  model 250, Use of t h i s  machine, a t  a cos t  of 
$100 per  hour including operator ,  i s  the  bas i s  f o r  the estimated welding cost .  
An addi t iona l  requirement for  the la rger  s i z e  j o i n t  i s  a t o o l  necessary for  
adapting t h i s  j o i n t  t o  the  smaller s i z e  c o l l e t s  ava i lab le  as a p a r t  of the 
welder, 
obtained with each welder, t h i s  estimate i s  based upon the assumption t h a t  
these adapters w i l l  b e  needed f o r  a l l  t h ree  s i zes  of j o in t .  Also, while l e s s  
powerful i n e r t i a  welders are  ava i lab le  which could produce the  20 cm (8 in , )  
diameter j o i n t ,  use of the  Model 250 is planned f o r  a l l  three fabr ica t ion  s i z e s o  
The f ab r i ca t ion  technique chosen involves r o l l i n g  and welding sheet  a lumink 
t o  form cyl inders  for  i n e r t i a  welding, r a t h e r  than using tubing, which i s  not 
r e a d i l y  ava i lab le  i n  these  l a rge  s i z e s ,  o r  machining the  p a r t s  from th i ck  p l a t e s ,  
which i s  expensive and leaves an undesirable grain o r i en ta t ion  i n  the  aluminum 
p a r t ,  The primary disadvantage of r o l l e d  and welded cyl inders  l i e s  with the 
aluminum s t rength  degradation i n  t h e  welded area. 
t he  aluminum welding boss (which i s  l e f t  thickened for i n s t a l l a t i o n  of the 
complete j o i n t )  would be l e f t  longer than otherwise needed i n  order t o  prevent 
the  aluminum port ion of the  j o i n t  from being subjected t o  t he  f u l l  e f f e c t  of 
hoop s t r e s s  a t  the  0.32 cm (0,13 in.) t h i ck  port ion during pressur iza t ion ,  
Where f u l l  weight reduction p o t e n t i a l  i s  required,  tubing of proper s i z e  would 
need t o  be purchased t o  e l iminate  any axial welds, I f  a th inner  j o i n t  wall i s  
required than is  es tab l i shed  i n  the  basel ine,  i t  would s k i l l  be necessary for  
t he  i n e r t i a  welding t o  be performed using base l ine  thickness i n  order t o  provide 
the  necessary s t r eng th  t o  r e s i s t  buckling during welding, 
r o l l i n g  and welding the  s t a i n l e s s  s t e e l  por t icn  of the j o i n t  would have l i t t l e  
e f f e c t  on the  i n t e g r i t y  of the  completed jo in t .  
Because t h i s  c o l l e t  s i z e  var ies  depending on the opt ional  equipment 
I n  order t o  counteract t h i s ,  
The technique of 
The manufacturing plan cons i s t s  of the  following: 
I, 
2, Produce 6 development j o i n t s  by the  following sequence: 
Fabricate  adaption too l s  t o  mate j o i n t s  with i n e r t i a  welding machine. 
a, 
be  
co 
do  
e. 
f ,  
R o l l  and weld the  two aluminum and one s t a i n l e s s  s t e e l  port ion t o  
be i n e r t i a  welded, 
Machine the  p a r t s  to  rough dimensions and e s t ab l i sh  the proper par t  
geometry a t  the  welding in te r face .  
I n e r t i a  weld the  2219 aluminum t o  the 6061 aluminum, and machine the 
6061 t o  proper dimensions for  f i n a l  i n e r t i a  welding. 
I n e r t i a  weld the  2219/6061 aluminum sandwich t o  the s t a i n l e s s  s t e e l  
portion,, 
A r t i f i c a l l y  age the j o i n t  t o  improve aluminum s t rength  i n  the  i n e r t i a  
welded areas . 
Perfom appropriate PJDT or  other  t e s t s ,  (This phase is  not priced, 
as intended serv ice  conditions w i l l  Vary) 
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3 .  Produce the  required number of production j o i n t s  by t h i s  same method €or 
submit ta l  t o  q u a l i f i c a t i o n  o r  other  t e s t i n g  as necessary. 
I n e r t i a  Welded Large J o i n t  Cost Evaluation 
F a c i l i t y  Costs  
Costs a r e  based on f ab r i ca t ion  of four holding j i g s  to adapt j o i n t  p a r t s  t o  
be welded t o  the  smaller machine c o l l e t s .  
the 20 cm (8  in.) 
(12 in.) and 43 cm (17 in.) j o in t s .  
Two jigs w i l l  support p a r t s  for  
j o i n t s  and two jigs w i l l  support p a r t s  for  the  30 cm 
F a c i l i t y  Cost 
Development Costs 
Costs are based on production of six j o i n t s  and include the following items: 
Design and coordinate 
Roll and weld s t a i n l e s s  s t e e l  
Machine s t a i n l e s s  s t e e l  
Roll  and weld 2219 aluminum 
Machine 2219 aluminum 
Roll and weld GO61 aluminum 
Machine 6061 aluminum 
I n e r t i a  weld 6061 t o  2219 
Face machine 6061 
I n e r t i a  weld s t a i n l e s s  steel t o  aluminum 
A r t i f i c a l l y  age 
F ina l  machine 
Material:  s t a i n l e s s  steel, aluminum 
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Development Cost 
Production Costs 
Costs shown a r e  per j o i n t  and assume production of 10 t o  25 j o i n t s  of 
each s i ze .  Detail s t e p s  a re  s i m i l a r  t o  those shown i n  development. 
Production Cost 
Per J o i n t  
Explosive Welded Large Jo in t  
I n  order t o  e l iminate  some of the  conditions which were d i f f i c u l t  t o  co r rec t  
during f ab r i ca t ion  of the  6.4 cm (2.5 in , )  diameter j o i n t s ,  plans for  assembly 
of the l a rge r  diameter j o i n t s  have included design changes t o  e l iminate  these 
conditions.  
(,010 in.) t o  0.076 cm (,030 i n , )  t o  s implify the  explosive welding of the  
s i l v e r  t o  i t s e l f  when forming the  cone. Second, provisions have been made 
t o  b e t t e r  secure and s e a l  t he  edges of the  s i l v e r  for  the  s i l v e r  t o  aluminum 
bond, Third, provis ions f o r  evacuation of the  volume between the  s t a i n l e s s  
and the  s i l v e r  pieces  during t h i s  bonding s t e p  have been made. Fourth, the 
p o t e n t i a l  f o r  a shock f r o n t  occuring during bonding of the  s t a i n l e s s  t o  the  
s i l v e r  has been eliminated by planning the  use of l i n e  wave generators t o  
i n i t i a t e  the  explosive charge, 
t o  aluminum bond, as well ,  if a shock f ront  problem became evident due t o  
the l a rge r  j o i n t  diameters,, 
F i r s t ,  the  s i l v e r  thickness has been increased from 0.025 cm 
This technique would be used on the s i l v e r  
The manufacturing plan cons i s t s  of t he  following s t eps :  
1. Fabricate  the  necessary tool ing,  including the  mandrel with removable 
s e c t i o n  shown i n  Figure 78 and the  aluminum clamp r i n g  shown i n  l a t e r  
sketches. 
plosive s teps .  
The mandrel w i l l  support  the  j o i n t  during each of the  ex- 
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Mandrel 
Figure 78. - Large Explosive Joint Mandrel 
2,  Produce six development joints by the following sequence: 
2a. Fabricate a s i lver cone and bond t o  the aluminum portion of the 
joint as shown i n  Figure 7 9 .  
7 Detonation Point 
Clamp Ring 
Mylar 
Silver I L Aluminum Joint Half 
Figure 79. - Large Explosive Joint Silver Bond Concept 
13 -5 
2b, Bond the s t a i n l e s s  port ion t o  the  silver/aluminum sandwich as 
shown i n  Figure 80. 
20 cm 
(8 in.) 
$1800 
Sta in less  Jo in t  Half -I-- 
30 cm 43 cm 
(12 in,) (17 in.) 
$2300 $2900 
Mandrel 
L-Alurninum Jo in t  Half With S i lve r  
Figure 80. - Large Explosive Jo in t  S t a in l e s s  Bond Concept 
2c. Machine the  j o i n t  t o  i t s  f i n a l  configurat ion as shown i n  Figure 77. 
2d. Perform appropriate  NDT or  o ther  t e s t s .  
as intended serv ice  conditions w i l l  vary.) 
(This phase i s  not priced, 
3, Produce the  required number of production j o i n t s  by the  same method. 
Explosive Welded Large Jo in t  Cost Evaluation 
F a c i l i t y  Costs 
Costs are based on fabr ica t ion  of two mandrels with removable r ings as a re  
shown i n  Figure 78, and include the  following i t e m s :  
Design 
Fabricat ion 
Material 
F a c i l i t y  Cost 
13 
Development Costs 
Costs are based on producing six joints, and include the following items: 
Design and Coordinate 
Fabricate silver cone 
Roll and weld aluminum half 
Machine aluminum half 
Machine aluminum clamp ring 
Fabricate mylar box 
Bond silver to aluminum 
Roll and weld stainless half 
Machine stainless half 
Bond stainless to silver/aluminum sandwich 
Final machine 
Material: stainless steel, silver, aluminum, explosive 
Development Cost 
Production Costs 
Costs shown are per joint and assume production of 10 to 25 joints of each size .  
Detail steps are similar to those shown in development. 
Production Cost Per Joint 
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Swaged Construction Large J o i n t s  
Ferrules  f o r  assembly of swaged j o i n t s  composed of 6061 o r  o ther  more common 
aluminum a l l o y s  are p resen t ly  ca t a log  l i s t e d  i n  s i z e s  up t o  17.8 cm (7.0 
i n . )  i n  diameter. A s  s i z e s  exceed these dimensions, add i t iona l  too l ing  would 
be required which would represent  s i g n i f i c a n t  production complexity and cost .  
For ins tance ,  the i n s t a l l a t i o n  t o o l  shown i n  Figure 2 1  has th ree  r o l l e r s  and 
i s  intended t o  be reasonably por tab le ;  while the  t o o l  envisioned f o r  s t r e t c h i n g  
the  43 c m  (17 in.) j o i n t s  t o  the  accuracy needed would have seventeen r o l -  
l e r s ,  would be heavy, and would r equ i r e  a hydraulic system f o r  operation. 
The problems encountered with bond leakage of t h e  6.4 c m  (2.5 in . )  j o i n t s  
t e s t e d  are  considered solvable,  and may be traced both t o  the  has t e  with 
which they were prepared and the r e l a t i v e  uncertainty of t h e  behavior of the  
2219-T851 aluminum when subjected t o  t h i s  swaging operation. The swaging 
process should be capable of producing a leak-free j o i n t  whenever opposing 
mater ia ls  have a y i e l d  s t r eng th  o r  a n  e l a s t i c  modulus which d i f f e r  t o  any 
degree. By s t r e t c h i n g  the  mater ia ls  only the requi red  amounts and by 
arranging f o r  t he  proper material t o  be on the  ou t s ide ,  a permanent t e n s i l e  
stress may be induced i n t o  the  outer material  and a compressive stress may 
be induced i n t o  the  inner material thus  assuring high u n i t  s t r e s s  a t  the 
s e r r a t i o n s ,  even under cryogenic conditions.  
For an example of success fu l  appl icat ions of these  swaged t r a n s i t i o n  j o i n t s  
i n  a i r c r a f t  and spacec ra f t  development, r e f e r  t o  Appendix A. It should be 
noted t h a t  a recent  j o i n t  app l i ca t ion  has been f o r  glycol  and water coolant 
l i n e s  i n  the  Lunar Excursion Module. 
Since t h e  method of construct ion requires  one of the  ma te r i a l s  t o  y ie ld  t h i s  
material must be homogeneous. I f  t he  aluminum i s  t o  y i e ld ,  i t  should be com- 
posed of extruded tubing r a t h e r  than r o l l e d  and welded shee t  material. P l a t e  
could a l s o  be used, bu t  would r equ i r e  considerable machining, and the resu l -  
t a n t  g ra in  o r i e n t a t i o n  would be less des i rab le .  I f  t h e  s t a i n l e s s  i s  t o  y i e l d ,  
i t  may be r o l l e d  and welded shee t  material ,  but should be annealed. 
The f a c i l i t y  cos t s  shown a r e  a f f ec t ed  by the  0 .33  cm (0.13 in . )  w a l l  thickness 
of the  basel ine configuration, 
t he  swaging forces  requi red ,  and therefore  lower the  too l ing  cos t s  s i g n i f i c a n t l y .  
Reduction of the  w a l l  thickness would lower 
Swaged Construction Large J o i n t  Cost Evaluation 
F a c i l i t y  Costs 
Costs a r e  based on f ab r i ca t ion  of t oo l ing  i n  t h r e e  s izes  with some common 
equipment. The p r i ces  include the  following: 
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Design 
Fabrication 
Materials 
Fac i l i t y  Cost 
C m o n  Equipment Cost 
Tooling Cost 
Development Costs 
$10,000 $20,000 
(8 in.) (12 in,) (17 in , )  
$30,000 
Costs a re  based on production of six j o i n t s ,  and include the  following items: 
Design and coordinate 
Roll  and weld s t a i n l e s s  s t e e l  
Machine s t a i n l e s s  s t e e l  
Machine aluminum 
Swage 
Material: s t a i n l e s s  s t e e l ,  aluminum 
Development Cost 
Production Costs 
Costs a r e  per j o i n t ,  based on production of 10 t o  25 j o i n t s  of each s i ze ,  
Deta i l  s t eps  a re  s imi l a r  t o  those shown i n  development. 
Design and Coordinate 
Production Cost Per J o i n t  
I 
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Coextruded Large J o i n t s  
The problems encountered during hea t  treatment of the  6,4 cm (2,s in.) j o i n t s  
were not resolved t o  the  extent  necessary fo r  ex t rapola t ion  of t h i s  production 
process t o  la rger  sizes with confidence. Therefore, no estimate is  included 
fo r  l a rge r  j o i n t s  produced by t h i s  method. I f  the  aluminum a l loy  was changed, 
or  i f  j o i n t s  fo r  s p e c i f i c  appl icat ions could be made using 2219 aluminum i n  
a non hea t - t rea ted  temper, then production of l a rge r  j o i n t s  i s  feas ib le ,  Low- 
e r ing  of t he  aluminum strength requirement i s  a reasonable design a l t e rna t jve  
where propel lant  l i n e  wall thickness i s  determined by s t r u c t u r a l  loading 
(s ince s t rength  i s  a function of moment of i n e r t i a  and modulus of e l a s t i c i t y )  
r a t h e r  than by i n t e r n a l  pressure alone, where only mater ia l  s t rength  i s  of 
p r i m e  importance. 
Heavy presses a re  ava i lab le  a t  various locat ions within the  United States 
t h a t  are capable of extruding very la rge  diameters. 
fo r  ex t ru  ion and shipped t o  the  appropriate f a c i l i t y ,  
4,45 x 10 
which i s  e a s i l y  capable of handling extrusions of the s i z e  necessary for  the 
43 cm (17 in.) diameter j o i n t s  proposed. 
Bi l le t s  could be prepared 
The A i r  Force has a 1 N (1.00 x 108 lb)  press a t  Cur t i s  Wright i n  Buffalo, New York, 
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JOINT TYPE SUITABILITY 
One of t he  r e s u l t s  of the  program was an evalua.tion of t he  s t rengths  and 
weaknesses of each type of j o i n t  a s  referenced t o  se rv i ce  requirements. 
This evaluat ion is  based on information gained i n  s e l e c t i n g  venders for  
each production type, on information developed during the  course of each 
development and manufacture, on the  r e s u l t s  of the  test program performed, 
and on the  r e s u l t s  of t he  Large Jo in t  Evaluation. 
The information has been put i n t o  matrix form f o r  ease of in t e rp re t a t ion .  
A j o i n t  preference was not made as the  r e l a t i v e  weight used f o r  each 
evaluat ion parameter would be d i f f i c u l t  t o  e s t ab l i sh ,  and the  se l ec t ion  
of  one j o i n t  type over another is of ten  a function of intended serv ice  
conditions.  
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APPENDIX A 
COMMERCIAL APPLICATIONS OF METAL BELLOWS CORPORATION 
SWAGED TRANS I T I O N  JOINTS 
VEHICLE 
(LEM) LUNAR EXCURSION MODULE 
E-2A AIRCRAFT 
AWACS, 727, 737 ACFT 
HELICOPTERS 
B-52 ACFT 
DC-9 ACFT 
ATLAS M I S S I L E  
- APPLICATION 
GLYCOL & WATER COOLANT LINES 
FUEL SYSTEM L I N E S  (Jp -4 )  
AIR CONDITIONING/PNE?JMATIC 
LINES 
PNEUMATIC L I N E S  
FmL SYSTEM LINES (JP-4) 
PNEUMATIC L I N E S  
HIGH PRESSURE-PRESSURIZATION 
L I N E S  
COMPANY 
GRUMMAN 
GRUMMAN 
BOEING/SEATTLE 
BOEING/ VERTOL 
BOE ING/ WICHITA 
MCDONNELL DOUGLAS 
GENERAL DYNAMICS / 
CONVAIR 
A- I 
APPENDIX B 
Pressure/Stress Chart for 6 . 4  c m  (2.5 in.) OD x 0.32 cm (0.13 in.) Wall Tube 
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APPENDIX D 
TEST PROCEITURE 
DISSIMILAR METALS 
JOINT EVALUATION 
NAS9-13570 ' 
c 
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1.0 Introduction 
The objective of this test is to evaluate four types of dissimilar metals 
tubular transition joints, 
The joints are designed to be leak-tight under operating conditions. 
test matrices, 4.0 and 5.0, describe the series of tests which these joints 
will undergo. The test sequence will be as indicated. 
The 
2.0 Photographs 
Photographs will be taken of each test setup, joints prior to testing, and 
typical joint failures, 
3.0 Quality Control 
The program manager is responsible for quality control on this program. 
Test agency and Air Force Quality are not required, 
Inertia Welded Joints 
Coextrusion Bonded J o i n t s  
Explosive Welded Joints 
5.0 Test Matrix (Appears as Table 5) 
Swaged Joints 
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6.0 Specimen Log Book 
Establish a log book listing each joint separately. The history of test 
activities is to be maintained in this book during the test program. 
entry is to specify date, activity, pertinent observations and data, and 
technician. 
Each 
7,O Receiving Inspection 
Identify the 15 joints of each configuration using the typed stencil etching 
tool. 
figuration. Identify as follows on the stainless steel and aluminum portions, 
beginning 1/4 inch from, and parallel to, the bond line. 
Select the joints at random to number from 1 through 15 in each con- 
NAS9-13570 
x-Y 
X = I . W .  for Inertia Welded Joints 
X = COX for Coextrusion Bonded Joints 
X = EXP for Explosive Welded Joints 
X = SWG for Swaged Joints 
Y = 1 through 15, as appropriate 
Measure the dimensions of each joint. Weigh all joints, photograph them, 
note any irregularities. Enter all data in the Specimen Log Book. 
8.0 Penetrant Inspection 
8.1 Perform penetrant inspection per standard procedure. Ultilize 
Uresco P151 penetrant- Record results in Specimen Log Book. 
9.0 Ultrasonic Inspection 
9.1 Prepare a reference joint by machining EDM flaws in joint no. 15, 
Flaws are to be in the plane of the bond line, approximately 5-10% 
of bond depth, and w i l l  serve as a known flaw size when compared 
to the other test joints ultrasonically. 
9.2 Evaluate the program joint(s) using joint No. 15 as a reference. 
If all joints of a configuration pass helium leakage test at 
operating pressure, use joint No. 3 for ultrasonic. If one or 
more joints of a configuration fail helium leak test at operating 
pressure, submit the joint(s) with least helium leakage to 
ultrasonic. Record results in Specimen Log Book. 
10.0 Leakage Test - One Atmosphere 
10.1 Seal the joint ends using flat plate ends and Apiezon. Evacuate 
the joint using a CEC Mass Spectrometer Leak Detector. 
10.2 "Wash" the joint with helium, and record the net leakage in 
the Specimen Log Book. If leakage is noted, assure that 
possible leak sources other than the bond have been eliminated 
by isolation or by flooding TSith nitrogen. 
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11.0 SQecimen End Closure 
11.1 Weld the prepared end closures on each joint, welding the 
aluminum end first, where applicable. Monitor the aluminum 
temperature at the bond line, and do not allow it to exceed 
390K (2509) during welding, using the chill ring, EPL 6200605. 
12.0 Proof Pressure Test 
12.1 Install the joint in the fixture per Figure D-1, 
12.2 Place the test cell in a RED condition. 
12.3 2 Increase nitrogen pressure in the joint to 690 + 30 N/cm 
(1000 2 50 psig), then reduce to 340 + 30 N/cm2-(500 + 50 psig) 
and perform a bubble leak check of fittings, and the Foint. 
The proof pressure will be 90% of the apparent yield pressure for 
each joint style, as determined in Section 17.0. 
12.4 2 Increase nitrogen pressure in the joint to 2200 2 30 N/cm 
(3200 5 50 psig), and maintain for 5 minutes). - 
12.5 Vent the joint, inspect it for visible defects, and record 
all observations and data in the Specimen Log Book. 
13.0 Leakage Test - Operating Pressure 
13.1 
13.2 
13.3 
13.4 
Wrap a polyethylene bag around the joint and tape securely 
around the barrel section of the joint to prevent He background 
from affecting the leak check of the bonded area. 
Install the joint in the fixture per Figure D-1 .  
Penetrate the poly bag and insert a CEC probe tip. 
probe/poly bag opening. Obtain leak rate VS. time for the 
standard leak, 
Tape the 
(Leak should continuously increase), 
NOTE -
The leakage test pressure will be 60% of the apparent yield 
pressure for each joint style, as determined in Section 17.0. 
Increase helium pressure in the joint to 1450 2 30 N/cm 
(2100 + 50 psig), and obtain leak rate vs time, 
too excessive for CEC measurement , use water displacement method. 
2 
If leakage is 
D-4 * 
~ o” 0*5000 psig 
Heise 
proof. ‘u 
For leak t e s t s ,  set 
re l i e f  valve 11VL test 
pressure. Remove for 
Joint 
Nitrogen for 
Proof, 
Helium for 
Leak ? 
Vent d 
Leak 
Poly Bag 
(For Leak Test) 
Figure D-1 
Proof and Leak Test Fixture Schematic 
- 
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13.5 Vent the joint and record all observations and data in the 
Specimen Log Book. 
14.0 Thermal Cycle Test 
NOTE -
Perform thermal cycle on half of the joints of each style 
designated for this test simultaneously. This will alow 
evaluation prior to cycling the remainder. 
14.1 
14.2 
14.3 
14.4 
14.5 
9" Manifold the joints to a gage and supply, per Figure D-2 ,  joints with both ends welded. 
(45 + 2 psig) and lock off. 
Maintain the pressure during subsequent cycling. 
end fittings are not t o  be fitted to joints without welded 
aluminum end. 
Place the joints in the 375K (215°F) ethylene glycol/water solu- 
tion. After an immersion time of 2 minutes remove the joints 
from the solution and immediately place them in the LN 
After an immersion time of 5 minutes remove the joints from the 
LN2 and immediately return them to the ethylene glycol water 
solution e - 
Pressurize to 312 1.4 N/cm 
Assure fittings are bubble tight. 
Mechanical 
2'  
Repeat steps 14.2 and 14.3 for a total of 100 times. 
After returning to'ambient temperature, vent the pressure from 
the joint(s) and record all observations and data in the 
Specimen Log Book. 
15.0 Pressure Cycle Test 
NOTE 
I_ 
Perform pressure cycling on half of the joints of each style 
designated for this test simultaneously. 
evaluation prior to cycling the remainder. 
This will allow 
15.1 Install the joints as shown in EPL 63001017B, EPL 6301136, 
and Figure D-3. 
aluminum ends. 
Install mechanical end fittings on the 
15.2 Usin Test Procedure H40519, cycle the joints from 4.30 2 60 
N/cm 5 (620 100) psig to 2140 70 N/cm2 (3100 2 1011) psig a t  
5 cycles/second.until all joints fail. 
15.3 Record all observations and data in the Specimen Log Book. 
16.0 Galvanic Corrosion Test 
16.1 Prepare the joints per Figure D-4. 
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16.2 Using the LEYN 4735-1 Bridge, measure the electrical resistance 
of each joint across the bond, and across the common lead wires. 
16.3 Submerge the joints in the NaCl bath. 
16.4 Remove, clean, dry and repeat electrical resistance measurements 
of each joint at 2 week intervals, until data indicates the 
relative resistance of each type of joint to the solution, or 
until additional test time is not available. Exposure time 
will be four weeks minimum. Record all observations and data 
in the Specimen Log Book. 
17.0 Yield Determination and Burst Test 
17.1 
17.2 
17.3 
17.4 
Install joint per Figure D-5. 
on the aluminum ends. Thoroughly bleed-in the water system 
from the hydrostat pump and to the burette. 
to stabilize. 
Install mechanical end fittings 
Allow temperature 
Place the test cell in RED condition, 
Pressurize the joint to 700 2 30 N/cm (1000 50 psig). Verify 
operation of the burette system. 
to verify absence of leakage in either system, 
Increase the joint pressure at a slow rate, reading and 
recording burette level at 350 N/cm2 (500 psi) increments. 
Continue until joint failure. 
and record a l l  observations and data in the Specimen Log 
Book. 
2 
Maintain pressure for 5 minutes 
- 
Calculate the yield pressure 
18.0 Burst Test 
18.1 fnstall the joint per Figure D-5, except that the volumetric 
expansion system will not be used. 
fittings on the aluminum ends, where required. 
bleed-in the water system from the hydrostat pump. 
Install mechanical end 
Thoroughly 
18.2 Place the test cell in RED condition. 
18.3 Pressurize the joint to 690 2 30 N/cm (1000 2 50 psig). Main- 
tain pressure for 1 minute to verify absence of system leakage. 
2 
18.4 Increase the joint pressure at a slow rate until joint failure. 
Record all observations and data in the Specimen Log Book. 
19.0 Metallographic Inspection 
19,l Prepare a specimen section of the bond area in one or more 
planes, as appropriate. 
0-10,000 psig 
He is e 
FIGURE D-5 
Yield Determination and Burst Test 
Fixture Schematic 
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19.2 Inspect the specimens at various magnification levels, 
observations to include but not be limited to physical 
geometry at bond, aluminum grain structure compaction and 
size, areas of possible aluminum alloy alteration, inclusions 
in the bond area, and uniformity of the bonded region. 
a photomicrograph of pertinent observations. Record observations 
and data in the Specimen Log Book, 
Prepare 
20,O Interface Constituent Identification 
20.1 
20.2 
Prepare a 3.18 em (1.25 in.) diameter specimen section of 
the bond area. 
Submit to inspection by the ARL Electron Microprobe for deter- 
mination of the various metallurgical constituents in or near 
the bond area. Record observations and data in the Specimen 
Log Book. 
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